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ABSTRACT 
Energy efficiency and energy savings are two topics that have continued to gain 
momentum over the last decade.  This topic is extremely important when it comes to the 
construction of buildings and homes.  Efforts have been ongoing to increase the 
insulation value of brick systems to hinder the conductive heat transfer through the 
material.  The use of pore-forming agents (PFA’s) have been studied to increase the 
porosity within a ceramic system, through sacrificial burnout or place-holder method, 
which leave a residual, defined pore size distribution.  This increase in porosity leads to 
better insulating capabilities and inherently lower conductivity values.  In this study, 
varying types and sizes of pore-forming agents were investigated, such as organic 
fuels/wastes such as peanut hulls, commercially produced ceramic hollow spheres, and 
aluminum hydroxide.  After extrusion and firing, the physical properties (bulk density, 
cold water absorption, flexural strength, pore size distribution) were investigated to relate 
to the effect on the thermal conductivity.  Both size fractions of peanut hulls (-24/+50 M 
& -50/+100 M) suggested the lowest recorded thermal conductivity fired to 1100°C at 
15% weight addition level at 0.399±0.010 and 0.422±0.011 W/m K, respectively. 
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CHAPTER I 
INTRODUCTION 
Over the last decade, striving for energy efficiency has become more of a pressing 
issue.  People want to decrease the amount of money they spend on the energy needed to 
cool or heat their house.  Consumption of energy from buildings constitutes about 33% of 
total consumption with about half of this lost through walls [1].  Organizations such as the 
International Code Council are coming out (every 3 years) with updated and more 
stringent requirements for building codes, including insulation [2].  There are 113 million 
residents in America today that collectively use an estimated 22% of the country’s energy	  
[3].  At 54%, heating and cooling accounts for the majority of the energy use for a single 
residence [3].  With heating and cooling of buildings being such a large energy intensive 
process, finding ways to decrease energy demand has become more and more significant 
[4,5].   In the same manner, the “green” movement over the last decade has become 
increasingly important as people are starting to realize the use of recoverable energy and 
ability to recycle wastes through incorporation in manufacturing processes to achieve 
desired properties.  According to the Environmental Protection Agency (EPA) in 2010, 
250 million tons of municipal wastes were generated in the United States [6].  Most of 
this municipal waste consisted of organic materials such as food, wood/paper, and yard 
wastes [6]. 
These organic waste materials as well as other commercial products can be 
incorporated in ceramic systems to produce porosity, or the amount of open voids within 
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a solid.  Organic wastes can be burned out during the firing of ceramics, leaving a 
residual porosity behind.  Even though using consumer waste is environmentally friendly 
and cost-effective, there are also alternative methods to forming porosity within ceramics 
that do not use municipal waste.  Commercial additives such as lightweight, ceramic 
hollow spheres can be added to a system as a placeholder within the matrix to help 
generate a distinct pore size distribution and porosity.  On the other hand, chemical 
compounds such as aluminum hydroxide can be used as a pore-former that decomposes 
and leaves a desired porosity as well. 
The goals of this project were, (a) to produce a lightweight, thermal insulating 
brick using various pore-forming agents; and (b) determining the most effective pore size 
distribution on reducing thermal conductivity without sacrificing flexural strength.  The 
effectiveness of the addition of organic wastes will be determined; as well as determining 
an optimal pore size and overall porosity that minimizes thermal conductivity and meets 
strength and insulating design standards.  It is important to understand the relationship 
between thermal insulation (R-value) and thermal conductivity.  Thermal insulation 
values are the inverse of the thermal conductivity.  Therefore, decreasing the thermal 
conductivity will increase the thermal insulation value (R-value). 
The previously mentioned pore-forming agents, recyclable or commercially 
manufactured, can be incorporated into the process of making a lightweight, thermal 
insulating brick.  By forming enclosed porosity within a ceramic, one can take advantage 
of the insulating capabilities of air.  Still air is a very effective insulator; unlike moving 
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air, which allows for convective heat transfer [7].  Energy in the form of heat is 
transferred much more readily through moving air.  This is due to the absorption of 
energy by moving air molecules through diffusion, which in turn acts as a heat sink [8].  
A heat sink can be defined as a medium that transfers energy, such as thermal energy, 
from a high-energy source to low-energy source. 
Varying amounts and particle sizes of peanut hulls, ceramic hollow spheres, and 
aluminum hydroxide were incorporated into the batching process to produce a desired 
pore size and overall porosity.  The varying pore size and overall porosity affected the 
bulk density, flexural strength, as well as the thermal conductivity of the sample.  The 
physical properties of these samples were tested using ASTM standards for modulus of 
rupture, mercury intrusion porosimetry, thermal conductivity values at a specific mean 
temperature, and general physical properties data.  
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CHAPTER II 
LITERATURE SURVEY 
Heat Transfer 
Heat is a form of thermal energy that can be exchanged with its surroundings 
through three transfer methods: conduction, convection, and radiation.  Conduction refers 
to the heat transfer across a medium due to atomic and lattice vibrations while convection 
uses a moving fluid to transport heat [8].  Radiation refers to the emitting of energy waves 
from the medium to its surroundings [8].  Heat transfer is governed by the laws of 
thermodynamics.  In particular, the second law of thermodynamics states that the heat or 
energy is transported from areas of high temperatures to low temperatures.  Anytime 
there is a temperature difference in a medium, heat transfer must occur [8].  In looking at 
a one-dimensional steady-state representation of a wall, the conduction of the material 
can be modeled by the following equation [8]: 
!!! = ! !"!  
q’’= heat flux, rate of heat transfer per unit area, (W/m2) 
k= thermal conductivity, (W/m K) 
ΔT= temperature differential, (K) 
L= distance between two surfaces, (m) 
 
By knowing the temperature difference between the barrier as well as the heat 
flow on either surface, the thermal conductivity of the medium can be calculated.  The 
most commonly used equipment for unidirectional, steady state heat flow across a flat 
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sample is a guarded hot plate or heat flow meter, consistent with ASTM Standard C518 
[9]. 
Knowing the value of the apparent thermal conductivity of building bricks is 
important for engineering applications [10].  Being able to tailor a thermal conductivity to 
a specific environment can be beneficial in order to improve energy efficiency.  
According to European standard EN832, depending on the location and climate, walls 
should be made of material with a heat transfer coefficient of 0.4-0.7 W/m2 K, the lower 
value the better [11].   
In an effort to lower the thermal conductivity of bricks, the heat flow from one 
side of the brick to the other should be minimized [10].  One of the best ways to reduce 
the thermal conductivity internally is by the addition of pore-forming agents to the brick 
before firing [11].  Another method that has been studied to reduce heat transfer is 
through the optimization of the coring in light concrete hollow brick.  The addition of 
pore-forming agents aim to produce microspores in the brick, while the type and 
placement of the coring in bricks can influence the heat transfer properties on a so-called 
“macrospore” level.  The benefit of creating a porous, lightweight brick results in a 
decrease in thermal conductivity.  This is due in large part to the fact that motionless, still 
air acts as a good insulator [10,12].  By increasing the porosity and pore cavities present 
in the brick, heat transfer becomes more difficult.  Any method that can disrupt the 
conductive heat transfer mechanism or make a more tortuous path results in higher 
insulating capabilities. 
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Due to the complex nature of heat transfer, one must determine which 
mechanisms are contributing the most to the thermal conductivity in the sample.  Some of 
the most important mechanisms are as follows:  heat conduction in solid materials, heat 
conduction through pore fluid, convective heat transfer through pore fluid, radiation from 
solid surfaces of pores, and evaporation and condensation in the pores [12,13].  The pore 
fluid can be either water or air within a pore channel.  For the temperature gradients and 
pore size distribution in this study, only the conduction through the solid will be 
investigated.  For a pore diameter smaller than 3 mm, the effect of radiation and 
convection in pores can be neglected in comparison with other modes of heat transfer at 
atmospheric pressure and temperature [13].  Therefore, one must understand how heat 
transfer interacts with pores within a material.  Pores that are present in a solid will act as 
a disrupter to the heat that is being conducted by the material.  The pore itself will result 
in the reduction of the cross-sectional area where the heat is being conductively 
transferred [13]. 
 
Porosity 
Porosity can be defined as the amount of free volume, or void space, within a 
solid material.  The two types of pores found in bricks are either open or closed.  Open 
pores are those that extend from the surface through the material.  On the other hand, 
closed pores are isolated voids within the material.  In ceramics, porosity can result from 
the imperfect packing of particles and/or the burnout of organic matter.  One of the most 
conventional ways to increase the insulation capacity of the brick is to generate porosity 
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in the fired clay body [14].  One of the most commonly used methods to produce residual 
porosity is through the sacrificial method [15].  The sacrificial method, or burnout, 
incorporates a pore-forming agent that combusts upon firing.  The residual porosity left is 
a function of the shape and size of the initial placeholder. 
For the case of the commercially produced ceramic hollow spheres, the shape of 
the sphere is uniform with a controlled diameter range.  The hollow, spherical particle 
acts as a placeholder within the matrix with a free void space inside.  Essentially, free 
voids of a defined range of sizes are being placed throughout the sample.  Cenospheres 
produced during the burning of coal (fly ash) have been studied to determine the effect 
they have on the microstructure of silica-based composites [16].  It was seen that the 
density of the samples decreased with the increase of fly ash cenospheres due to the 
increase of pores to the matrix.  These pores were uniform in size and shape and proved 
that cenospheres could be used as a successful pore-forming agent.  It was also reported 
that as more fly-ash cenospheres were added to the matrix, the flexural strength increased 
due to the formation of mullite crystals on the interface of the matrix and spheres, which 
helped strengthen the material.  These mullite crystals, needle-like in form, appear on the 
exterior surface of the cenospheres and insert into the matrix.  This interlocking 
interaction between the fly ash cenospheres and matrix contributes to the strength gains 
of silica-based composites [16,17]. 
Ceramic hollow microspheres have also been added in the production of 
refractory bricks due to their low density, near spherical shape, and micro size range of 
10-350 µm [18].  Their spherical shapes have a uniform curvature so that any applied 
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force causes the least stress concentration on the surface [19].  This curvature of the 
microspheres allow for higher fracture toughness within the material.  The voids formed 
by the hollow alumina-silica spheres provide closed cell porosity, which lowers the 
weight and greatly improves the insulating capacity of the refractory by decreasing the 
heat capacity [18].  The thermal capacity relates to the amount of energy, in this case heat, 
which can be stored within a material. 
Studies have been performed by Stan Miller at the PQ Corporation investigating 
the insulating capabilities of microspheres in refractory bricks and castables.  Figures 2.1 
and 2.2 below show the influence the ceramic hollow spheres have on the bulk density 
and modulus of rupture of refractory brick.  The SLG was denoted as the white ceramic 
microspheres, which happened to contain a higher percentage of alumina [18].  It can be 
noted that as the addition level of hollow microspheres increased, the bulk density and 
the modulus of rupture decreased in a linear fashion. 
 
Figure 2.1-Bulk Density with SLG Content [18] 
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Figure 2.2- Modulus of Rupture with Extendospheres SLG Content [18] 
 
The thermal conductivity for each of the addition levels of hollow spheres was 
determined at an average temperature of 800°C in Figure 2.3.  It can be seen that the 
sharp decrease in thermal conductivity appeared to be linearly related to the volume 
percent of ceramic spheres added to the castables.  It is important to notice that in order to 
obtain decreased values of thermal conductivity, high volume percentages (~30-50%) of 
spheres had to be incorporated. The closed porosity formed by the addition of the ceramic 
spheres proved to provide better insulating capabilities in the castables [18]. 
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Figure 2.3- Thermal conductivity of SLG Castables [18] 
 
Aluminum hydroxide (Al(OH)3) is a commercial grade chemical compound that 
decomposes at a relatively low temperature (around 260°C) into the products of alumina 
(Al2O3) and water (H20).  Even though aluminum hydroxide was chosen to incorporate in 
the formation of porosity, any hydroxide, carbonate, or sulfate could have been chosen.  
The benefit of using aluminum hydroxide is that alumina (Al2O3) is fairly inert and is 
unlikely to rehydrate after firing or act as a flux.  The presence of a flux during 
decomposition would only promote vitrification and close any porosity formed. 
The incorporation of aluminum hydroxide with varying addition levels into 
silicon carbide ceramics has been investigated by Kumar in order to study the effect it has 
on porosity and strength of these materials [17].  It was concluded that the porosity left 
behind was residual porosity between the large silicon carbide grains and smaller mullite 
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grains.  Pore size distribution resulted in a range of pores from 5-40 microns and overall 
of porosity from 46-54%.  The silicon carbide ceramics with low amounts of aluminum 
hydroxide showed a high porosity and low strength.  On the other hand, it is possible that 
when the alumina reacts with silica present at elevated temperatures, mullite (3Al2O3-
2SiO2) can form.  The formation of mullite depends on the kinetic factors such as time, 
temperature, and particle size.  With increasing addition levels, greater amounts of 
mullite were formed in the matrix, which increased the strength and lowered porosity 
[17].  The increased amounts of mullite formed during firing were observed using a 
scanning electron microscope for each addition level. 
The decomposition of aluminum hydroxide has also been used in forming porous 
alumina ceramics.  The pore structure is dependent on the pore shape and morphology of 
the aluminum hydroxide particles, which are mostly spherical in nature.  It was reported 
that with the addition of aluminum hydroxide to the alumina ceramic resulted in an 
increase in peak pore size due to a large number of grains around the pores, which 
allowed the grains to grow during densification [20,21].  According to sintering theory, 
there exist a critical number of grains around a pore, also known as the critical coordinate 
number (Nc).  If the number of grains around the pore is greater than Nc, then the pore 
will grow.  On the other hand, if the number of grains around a pore is less than Nc, then 
the pore will shrink [21].  It was concluded that the fracture strength of alumina with 
aluminum hydroxide was stronger than that of pure alumina powder due to the fine grains 
of alumina that formed from the decomposition of aluminum hydroxide [20]. 
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The relationship of thermal conductivity and porosity mainly relies on the pore 
size within the material.  The influence of the pore diameter on the thermal conductivity 
in refractory ceramics increases with higher temperatures, where at room temperature the 
effect of varying pore sizes on conductivity is not as extreme [22].  As temperature 
increases, the pores with the smaller diameter will retain a lower thermal conductivity as 
seen in Figure 2.4.  This results from the reduction of vibrations of gas molecules located 
in the pores through radiation.  At high temperatures, radiation of heat from the material 
matrix into the open void of a pore will cause gas molecules in the pore to vibrate, 
transferring energy.  Having a smaller pore size restricts these vibrations, which in turn 
reduces the transfer of energy.  Therefore, materials with micro pores have favorable 
thermal insulation properties even if the pores are not smaller than the free path length of 
the pore gas molecules [22].  The free path length of the pore gas molecules relates to the 
average distance traveled by a moving particle between successive collisions [23]. 
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Figure 2.4- Effective Thermal Conductivity as a Function of the Pore Diameter at 
Different Temperatures [20] 
 
The volume fraction of pores, or porosity, also has an effect on the overall thermal 
conductivity as seen in Figure 2.5.  As the temperature increases, the porosity that 
produces the lowest thermal conductivity will shift to lower porosities [22].  This is a 
result of the solid matrix having more significant weight interfering with the radiation 
transmission within the material at high temperatures.  On the other hand, at lower 
temperatures such as room temperature, higher porosities will produce the lowest thermal 
conductivity because of the insulating capabilities of non-flowing air [22].  The effective 
thermal conductivity has a minimum, which is dependent on the bulk density and 
porosity [14]. 
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Figure 2.5- Heat Transport Mechanisms and Effective Thermal Conductivity at High 
Porosities [20] 
 
In a study by Michele Dondi in Italy, 29 samples of clay bricks were collected in 
order to study the thermal conductivity.  The attempt was to compare how the bulk 
density, open porosity, pore size, pore specific surface, as well as mineralogical 
composition influenced the thermal conductivity.  The mineralogical components of the 
bricks that were looked at were mainly Ca-rich silicates (wollastonite and melilite), 
quartz, k-feldspar, mica, and amorphous material.  They concluded that a predominant 
correlation did exist between thermal conductivity and the open porosity [24].  Figure 2.6 
below shows each of the clay brick samples with varying amounts of open porosity. 
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Figure 2.6- Influence of Open Porosity on Thermal Conductivity [24] 
 
They also found that the influence of pore size towards the thermal conductivity 
should be investigated more due to lack of correlation from the clay brick samples shown 
below in Figure 2.7.  In regards to the mineral components, they concluded that the Ca-
rich silicate phases, quartz, and amorphous material present played a role in depressing 
the insulating properties of the clay bricks tested [24].  The authors did also acknowledge 
that there are many other variables beyond microstructure properties and mineralogical 
composition that should be investigated to understand what contributes to the thermal 
conductivity of bricks. 
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Figure 2.7- Influence of Pore Size on Thermal Conductivity [24] 
 
Controlling the pore size and porosity is important to thermal characteristics, but 
it also affects the mechanical properties.  To understand the effect that porosity has on the 
mechanical strength of porous materials, Rice proposed the equation to describe the 
porosity-strength behavior of porous ceramics [25]: 
 
σ=σ0exp(-bP) 
 
σ= strength of porous material, (MPa) 
σ0= strength of nonporous material, (MPa) 
P= porosity (pore volume fraction, %) 
b= constant dependent on pore characteristics 
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This equation, however, only relates the influence of porosity to the strength of 
the material and excludes the influence of pore size.  This equation was used by Dean-Mo 
Liu to study the compressive strength of porous hydroxyapatite.  Liu used varying 
volume fractions and particle sizes of poly vinyl butyral (PVB) as a pore-forming agent.  
Liu was able to compare the effect of particle size on the compressive strength by 
observing specimens with varying PVB particle sizes at the same degree of porosity.  It 
was concluded that the compressive strength of the porous hydroxyapatite ceramics 
decreased linearly with increasing macropore size and the degree of strength degradation 
tends to decrease with increased porosity volume [25]. 
In an experiment by Jung-Hye Eom and Young-Wook Kim, the effect of pore size 
on microstructure and strength of porous silicon carbide ceramics was investigated [26].  
They used polymer microbeads for a sacrificial template with varying microbead sizes of 
8µm, 20µm, and 50µm.  They were also able to adjust the overall porosity from 16% to 
57% [26].  For the most part, the residual pores left behind after burnout was very similar 
to the spherical shape of the microbeads.  However, as the content of microbeads 
increased, the pore morphology changed from spherical to distorted sphere-shape due to 
contact between the polymer microbeads in the sample [26].  Based on the addition levels 
and varying sizes, the porosity remained independent of the microbead template size.  
The microbeads were added on a volume percent basis, therefore, the same volume 
content is similar for each microbead size at a specific addition level.  Figure 2.8 shows 
the porosity as a function of the template content for each size of the micro-beads. 
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Figure 2.8- Effect of Micro-bead Content on Porosity of Porous Silicon Carbide 
Ceramics [26] 
 
Overall, the results indicated that the flexural strength decreased with increasing 
porosity due to the higher probability of pore coalescence, which led to a larger critical 
flaw size [26].  As the addition of microbeads increase, the higher the probability that 
these beads will agglomerate and burn out leaving a larger pore size than desired.  The 
results for the flexural strength as a function of pore size showed that the strength of 
porous SiC ceramics decreased with increasing template size at the same level of porosity 
as seen in Figure 2.9 [26].  They concluded that a smaller template size, preferably 
spherical, would provide a denser strut, which accounts for a higher flexural strength.  
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Figure 2.9- Effects of Template Size and Porosity on Flexural Strength of Porous Silicon 
Carbide Ceramics [26] 
 
Internal Factors Influencing Physical Properties 
The majority of the information that has been discussed so far relates to the 
external factors (pore-forming agents) and how they contribute to properties of porosity 
and strength.  It is also important to note that there are many internal factors relating to 
porosity and strength that precede the external factors.  Factors such as the “texture” of 
the raw particles and firing temperature contribute heavily to the porosity formed before 
and after firing. 
The first factor to consider is the “texture” of the raw shale material used in this 
study.  The texture of the material refers to the shape and size of the particles, particle 
packing, and the grading of the raw materials [27].  Typically shale materials have a 
plate-like texture composing of clay particles as well, which is beneficial in extrusion 
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processes.  The particle packing of the raw material contributes to the porosity of the 
material based on how closely packed all the particles are to each other.  The closer the 
particles are packed to each other, the denser the sample will be.  On the other hand, if 
the particles do not pack efficiently, there will be a larger amount of porosity.  Irregular 
shaped particles tend to pack better than spherical shaped particles in a body.  Finally, the 
grading of the raw material is important and goes hand in hand with the particle packing.  
Having a raw material with the same particle size throughout leads to having more void 
space.  This in turn relates to having a higher amount of porosity.  The most efficient 
packing method is to have a distribution of coarse, medium, and fine particles in the raw 
material.  The medium and fine particles will then fill in the voids left between the coarse 
particles.  Grading the raw material decreases the amount of porosity within the body.  
The added surface contact surrounding the coarse, medium, and fine particles will also 
increase the strength due to an increase in contact area, or sites of fusion.  The maximum 
strength can also be obtained by the use of irregular and angular grains of numerous 
sizes, which will interlock [27].  All of these factors help to relate and predict the porosity 
and strength resulting from the raw shale material used in forming the sample.  It is 
important to remember that it is virtually impossible to produce a body free from void 
space by grading the raw material [27]. 
The next factor that affects the porosity and strength internally is the firing 
temperature.  When heating a material, the nature of that material changes because of 
chemical reactions and fusion [27].  The porosity of an unfired sample will tend to 
increase upon firing until it reaches a point of vitrification, typically around 900°C.  This 
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is partly due to the burnout of any volatile materials, dehydroxylation of chemically 
bound water, or any decomposition reactions.  Air or any gases present during firing 
typically replace any water that is removed and can become entrapped in any closed 
pores formed.  After 900°C partial fusion and vitrification occur, which then begin to fill 
any voids present.  Once vitrification begins, the porosity of the sample will then begin to 
decrease as it is fired to higher temperatures until it reaches a minimum porosity value.  
This minimum in porosity gives way to the highest strength values in the sample due to 
the increased amount of vitrification, which solidifies to a glass.  This glass acts as 
cement that reinforces the matrix and gives the sample its increase in strength [27]. 
 
Organic Burnout 
Organic matter consists of the remains of living or once living plants and animals 
[28].  Much of the biodegradable materials that people use on a day-to-day basis are 
mostly from plants.  These plants are processed to make wood or paper or edible foods 
such as peanuts.  However in any process, there is always a waste component.  Examples 
of this waste are paper sludge, sawdust, or even peanut shells.  Typically this organic 
waste is thrown away into a landfill or incinerated.  Incorporating energy saving and 
recyclable wastes into material production has been one of the important research fields 
over the last few decades [5,11,14,29].  Along with energy savings, environmental 
regulations from the government have resulted in a demand for clay bricks with higher 
insulation ability [5].  The two main categories of pore-forming agents used are organic 
and inorganic.  Organic pore formers, such as sawdust, paper sludge, and poppy seeds, 
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are generally cheaper than inorganic ones and also incorporate a heat contribution to the 
firing cycle due to oxidation of the organic [5].  These materials are biodegradable 
because they contain organic compounds, or compounds containing carbon.  The main 
drawback to organic pore formers, however, is the release of carbon dioxide during 
firing.  This increased emission level during firing can pose a problem to the environment 
but may be partially offset by reduced fuel consumption.  On the other hand, inorganic 
pore formers have far less of an environmental impact, but tend to affect the plasticity of 
clays [5].  Being able to maintain an acceptable range of plasticity is important in the 
process of extruding.  Material that is too dry will not extrude easily nor material that is 
too wet. 
One of the characteristics of organic wastes that are advantageous is the ability to 
combust.  When an organic compound reacts with oxygen (O2) in the presence of a heat 
source, the products produced are carbon dioxide (CO2), water vapor (H2O), and heat.  
Equation xx below shows a typical combustion reaction. 
Organics + O2  CO2 + H2O + Heat 
The reaction equation shows CO2 released, but complete combustion rarely 
occurs, therefore, CO (carbon monoxide) can be present as well as remaining organics 
and volatiles [27,30].  This reaction is given the name “exothermic” because the energy 
released is greater than the energy needed to break the bonds of the compound (activation 
energy).  This energy released in the form of heat can then be used to aid the firing 
process of ceramics.  Solid fuels, such as organic wastes, have high heating values 
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meaning they release large amounts of energy upon combustion and create a porous 
microstructure [31]. 
In order to measure these kinetic reactions upon firing, thermal analysis 
techniques are typically used.  Thermal analysis is crucial in the production of technical 
ceramics due to its ability to optimize binder burnout, determine optimal sintering 
conditions, and identify gaseous decomposition products [32].  The methods most 
frequently applied for the detection of weight changes of a material during heating are: 
thermogravimetry (TG) coupled with gas-analysis techniques, such as mass spectrometry 
(MS) and Fourier transform infrared spectroscopy (FTIR) [32].   
Thermogravimetry (TG) simulates the firing of a small sample (typically 50 mg to 
2 g) using a precision microbalance (resolutions down to 1µg) to monitor the weight loss 
during heating [33].  Small samples (~20mg) are typically used to avoid temperature and 
gaseous compositional gradients [33].  The specimen powder is placed in a refractory pan, 
which is then suspended from a high precision balance [33].  Figures 2.10 and 2.11 show 
thermal analysis of organic (sawdust) containing clay upon burnout.  These were results 
performed previously at the National Brick Research Center to study the oxidation of 
clay containing sawdust. 
Using differential scanning calorimetry (DSC), the heat flow between a sample 
and reference was measured to keep them at the same temperature.  The instrument 
applies or reduces the heat input to each sample in order to maintain a zero temperature 
difference between the two [33].  The results show energy related to endothermic and 
exothermic reactions such as phase changes and/or oxidation.  Differential thermal 
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analysis (DTA) is similar to that of DSC, the only difference being that the difference in 
temperature is measured between the two samples instead of heat flow.  The samples are 
subjected to the same heating schedule via symmetric placement with respect to the 
furnace [33]. 
The corresponding evolved gases released during firing, such as carbon dioxide, 
carbon monoxide, sulfur dioxide, hydrofluoric acid, and/or water vapor, can be measured 
simultaneously using Fourier transform infrared spectroscopy (FTIR) [32,34].  These 
evolved gases are typically the ones monitored in traditional brick clay roof tile 
production in order for environmental protection [32].  Figure 2.12 below shows varying 
amounts of carbon dioxide released from a sawdust containing clay. 
 
 
Figure 2.10- Typical TG Curve of Shale/Clay with Sawdust Additions 
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Figure 2.11- Exothermic Burnout of Sawdust Additions using TG/DSC 
 
Figure 2.12- CO2 Emissions Measured During Thermal Analysis using FTIR 
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When a ceramic body is heated, the organics (carbonaceous matter) present within 
the material undergo decomposition as well as combustion.  These two processes usually 
occur in a temperature range of 250-600°C [27].  The decomposition involves breaking 
the bonds of organic compounds to become simpler components or free radicals.  
Combustion, as stated above, results in the oxidation of the organic material followed by 
the release of heat and CO/CO2 gas.  The decomposition and combustion processes in the 
kiln are mainly temperature and atmosphere dependent.  The diffusion of the gases into 
and out of the sample during firing is a function of the heating rate, time, and 
permeability of the sample [5]. 
As the heating rate increases, though, the risk of bloating and cracking becomes 
more prominent.  This results because of the induced lag between the temperature in the 
kiln and the temperature of the sample, which causes a shift of the combustion products 
to a higher temperature [33,34].   The sample and the kiln are unable to reach a thermal 
equilibrium.  If the heating rate is too fast, then the pores on the outside of the ceramic 
will close preventing the gas from escaping after combustion.  This causes an expansion 
in the material, which is referred to as “bloating”.  This negatively affects the material 
through undesired dimensional changes as well as decreasing freeze thaw capabilities. 
The additions of organic material to the sample along with the organic material 
already present in the raw materials means it will be harder to completely oxidize all the 
carbon near the core.  As described earlier, oxidation is a function of many external and 
internal factors.  The temperature of the kiln along with sufficient circulation of oxygen 
throughout will result in increased likelihood of complete oxidation during firing [27].  
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On the other hand, internal factors of the sample such as permeability and particle size 
distribution also affect oxidation.  Permeability relates to how interconnected pore 
channels are throughout one face of the sample to the other [27].  In order for necessary 
oxidation of organic matter to occur, the sample must be permeable enough to allow the 
gases to escape.  The particle size distribution is also significant in that a well-graded 
sample will contain a lower void content than a non-graded sample.  A lower void 
content can decrease the permeability of a sample and hinder the escape of gases during 
oxidation. 
Another issue to keep in mind is the concept of “black coring”.  Maintaining 
sufficient amounts of oxygen in the kiln atmosphere is crucial to facilitate carbon 
burnout.  If oxygen cannot make it to the center of the sample, then this leftover carbon 
has the potential to reduce the red iron oxide, also known as hematite (Fe2O3), to a black 
form of iron oxide called magnetite (Fe3O4) [27,35].  Black coring can also tend to affect 
the freeze thaw capabilities in a negative fashion.  Non-uniform shrinkage rates between 
the black core and the rest of the sample during firing can produce laminations where 
water can gather [35].  The following equation shows the reduction reaction of iron oxide 
[35]: 
3!"!!! → 2!"!!! + 12!! 
One of the organic pore-forming agents that have been studied is the use of poppy 
seeds.  Gregorová and Pabst studied the effects of incorporating starch and poppy seeds 
into porous ceramics.  The starch was selected due to low cost, rounded shape, controlled 
quality, and ability for a defect free burnout [15].  On the other hand, the poppy seed was 
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selected due to its low density and abundant use in the food industry.  Like the starch, the 
poppy seeds contained a controlled shape similar to a kidney.  The poppy seed was found 
to have a maximum Feret diameter of 1265±78 µm, which proved to be ten times larger 
than the starch particles [15].  The Feret measurement is used in defining a statistical 
diameter of irregular shaped particles [27].  The use of both of these pore-forming agents 
produced a bimodal distribution of pore size within the alumina ceramic.  The residual 
pores left over from the poppy seeds had a mean diameter of 1000 µm while the starch 
ranged from 30-60 µm on average [15].  This study showed that a defect free burnout of 
organic materials could be produced and that the residual pores left behind after firing are 
indicative of the shape and size of the pore-forming agents to begin with. 
 Another familiar organic additive that has been studied in brick manufacturing 
was sawdust.  Robinson studied the burnout of sawdust as a replacement fuel during the 
firing of bricks.  The main reason sawdust was chosen was due to an abundance of forest 
waste that is left behind every year.  Sawdust also contained a high heating value of 
around 5,400 BTU/lb. and a density of 0.6 g/cc [36].  It was shown that the oxygen 
content of the kiln atmosphere and the permeability of the material had a large influence 
on the combustion process of the sawdust. 
 
Thermal Conductivity of Clay Brick Masonry 
The relationship between porosity and bulk density is inversely related; meaning 
that as the porosity increases within a ceramic system, the bulk density will decrease.  
Studies have shown that the thermal conductivity of bricks is mainly related to their bulk 
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density [24].  Therefore, the thermal conductivity of a clay brick sample is a function of 
the bulk density.  As the bulk density decreases (porosity increases), the thermal 
conductivity tends to decrease in a linearly relationship.  Figure 2.13 below shows how 
changing the bulk density of clay brick affects the thermal properties. 
 
Figure 2.13- Bulk Density versus Thermal conductivity of Clay Brick Samples [24] 
 
Typical values have also been put into place regarding the thermal conductivity of 
clay bricks.  The American Society of Heating, Refrigerating, and Air-Conditioning 
Engineers has typical thermal conductivity values for masonry systems in an effort to 
improve building systems and energy efficiency.  Table 2.1 below shows design thermal 
property values for masonry building materials that are commonly referenced, typically 
clay fired bricks.  Thermal conductivity values listed in literature were typically found in 
SI units (W/m K), however, English units of thermal conductivity (BTU/hr ft °F) have 
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been listed as well.  The conversion factor used to convert the values from SI to English 
was 1 W/m K= 0.58 BTU/hr ft °F. 
Table 2.1- ASHRAE Design Conductivity Values for Fired Clay Brick [37] 
Masonry	  Materials	  
	   	   	  
Thermal	  Conductivity,	  k	  
	  
Density,	  g/cc	   Density,	  kg/m^3	   W/(m	  K)	   BTU/(hr	  ft	  °F)	  
Brick,	  fired	  clay	   2.40	   2400	   1.21	  to	  1.47	   0.70	  to	  0.85	  
	  
2.24	   2240	   1.07	  to	  1.30	   0.62	  to	  0.75	  
	  
2.08	   2080	   0.92	  to	  1.12	   0.53	  to	  0.65	  
	  
1.92	   1920	   0.81	  to	  0.98	   0.47	  to	  0.57	  
	  
1.76	   1760	   0.71	  to	  0.85	   0.41	  to	  0.49	  
	  
1.60	   1600	   0.61	  to	  0.74	   0.35	  to	  0.43	  
	  
1.44	   1440	   0.52	  to	  0.62	   0.30	  to	  0.36	  
	  
1.28	   1280	   0.43	  to	  0.53	   0.25	  to	  0.31	  
	  
1.12	   1120	   0.36	  to	  0.45	   0.21	  to	  0.26	  
 
Table 2.2 shows literature thermal conductivity values from various articles 
relating to commercial bricks as well as ASTM standard testing parameters.  As seen in 
the table, thermal conductivity is a function of many internal and external factors.  
Neither the bulk density nor overall porosity tells the entire story in predicting the 
thermal properties, as mineralogical composition contribute as well.  The thermal 
conductivity values listed at a specific mean temperature are classified as the apparent 
thermal conductivity [37].  From the table, it appears that thermal conductivity values 
range anywhere from 0.48-0.72 W/m K for a commercially manufactured brick. 
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Table 2.2- Various Literature Values for Commercial Bricks and Thermal Standards 
Sample 
Bulk 
Density 
(kg/m3) 
Porosity 
(%) 
Mean 
T (°C) 
Delta 
T 
(°C) 
Thickness 
(in) 
Thermal 
Conductivity 
(W/m K) 
Thermal 
Conductivity 
(BTU/ hr ft 
°F) 
Ref. 
Red matt 
clay brick 
2024 23.3 10.8 N/A 0.488 0.489 0.284 [9] 
  24.1 N/A 0.488 0.500 0.290 [9] 
Textured 
coated clay 
brick 
1869 31.6 9.82 N/A 0.484 0.509 0.295 [9] 
  23.4 N/A 0.484 0.522 0.303 [9] 
ILP Brick ~1900 23.4 N/A N/A N/A 0.630 0.365 [24] 
CA Brick ~1700-
1850 
33.3 N/A N/A N/A 0.520 0.302 [24] 
Common 
Brick 
1924 N/A N/A N/A N/A 0.721 0.418 [38] 
Face Brick 2084 N/A N/A N/A N/A 1.298 0.753 [38] 
Clay Bricks 
B2 
1677-
1815 
30.1-
35.7 
N/A N/A N/A 0.62-0.83 0.36-0.48 [13] 
Clay Bricks 
B3 
1663-
1742 
33.7-
36.9 
N/A N/A N/A 0.47-0.58 0.27-0.34 [13] 
Clay Bricks 
B4 
1686-
1815 
34.0-
37.5 
N/A N/A N/A 0.47-0.56 0.27-0.32 [13] 
Clay Bricks 
B5 
1656-
1814 
33.0-
38.9 
N/A N/A N/A 0.49-0.68 0.28-0.39 [13] 
Building 
Envelope 
Guidelines 
  4 10 to 
20 
Limited to 
Instrument 
  ASTM 
C518, 
C1058 
  24 10 to 
20 
Limited to 
Instrument 
  ASTM 
C518, 
C1058 
  43 10 to 
20 
Limited to 
Instrument 
  ASTM 
C518, 
C1058 
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Strength Measurements of Clay Brick Masonry 
 In order for the clay bricks to be functional, they must adhere to strength 
requirements as put forth through industry standards.  Table 2.3 below shows various 
moduli of rupture (MOR) values seen throughout industry over the years.  These values 
will be used in this study as a comparison for values obtained experimentally through 
flexural strength tests. 
Table 2.3- Typical MOR Values of Clay Bricks Over the Years 
 
Year 
Modulus of Rupture 
(MPa) Reference 
Clay Brick Masonry 1971 (Sahlin) 2.50-15.00 [39] 
 
1990 (Hendry) 3.36-6.30 [39] 
 
1997 (Hendry; Sinha; 
Davies) 4.60-7.20 [39] 
 
2000s 3.50-26.20 [40] 
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CHAPTER III 
PROCEDURE AND CHARACTERIZATION OF MATERIALS 
Peanut Hulls (Varying Sizes) 
Before batching can occur, as-received raw peanut hulls were run through the 
hammer mill in order to grade the hulls to an acceptable particle size to sieve.  Table 3.1 
showed the sieve analysis of the as-received peanut hulls.  After the peanut hulls were 
passed through, they were sieved using a Sweco Vibro-Energy Separator (model 
#L518S535) using 24, 50, 100, and 200 mesh screens.  The sorted particle sizes collected 
were -24/+50 mesh and -50/+100 mesh, as seen in Figures 3.1 and 3.2.  The screens used 
were USA Standard Testing Sieves according to ASTM-11 specification.  Gas 
pycnometry (Micromeritics AccuPyc 1330) was used to determine the true density of 
each of the size fractions of peanut hulls.  The true density of the -24/+50 M and -
50/+100 M peanut hulls was 1.5614±0.0009 g/cc and 1.7088±0.0004 g/cc, respectively. 
 
Figure 3.1- (-24/+50) Mesh Peanut Hulls 
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Figure 3.2- (-50/+100) Mesh Peanut Hulls 
Table 3.1- Sieve Analysis of As-Received Peanut Hulls 
Screen Size Opening (mm) % Retained 
6 3.35 0 
12 1.7 8.7 
20 0.85 34.8 
30 0.59 13.7 
50 0.297 17.3 
100 0.149 13.2 
Pan 0 12.3 
    100 
 
Shale 
A regular shale/clay mix was used on an as received basis.  Table 3.2 showed the 
chemistry of the shale on an oxidized basis.  Figure 3.3 below showed the particle sieve 
analysis for the shale mix.  Particle size distribution was determined using ASTM 
Standard D422-63, which used a mixture of sieving on particles greater than a No. 200 
sieve and sedimentation on particles less than a No. 200 sieve.  Pycnometry resulted in 
the shale having a density of 2.7046±0.0015 g/cc. 
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Table 3.2- As-Received Shale Chemistry on Oxidized Basis 
  Oxidized 
SiO2 % 66.34 
Al2O3 % 19.86 
Na2O % 1.20 
K2O % 2.29 
MgO % 1.38 
CaO % 0.83 
Fe2O3 % 6.61 
MnO % 0.21 
TiO2 % 1.04 
P2O5 % 0.08 
   
S % 0.00 
Cl ppm 0.00 
V ppm 196.00 
Cr ppm 20.00 
Ni ppm 14.80 
Cu ppm 33.60 
Zn ppm 83.70 
As ppm 16.00 
Rb ppm 107.00 
Sr ppm 140.00 
Zr ppm 89.90 
Ba ppm 829.99 
Pb ppm 27.00 
   
 Sum 100.00 
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Figure 3.3- Particle Size Distribution of As-Received Shale 
 
Extendospheres (Hollow Ceramic Spheres) 
The hollow ceramic spheres were purchased commercially through Sphere One, 
Inc. in two specific particles sizes.  The two sizes purchased were a KLS-150 and KLS-
300 with the KLS-150 having a particle size of 10-150 microns and the KLS-300 having 
a particle size of 10-300 microns.  Both of the hollow ceramic spheres consisted of a 
chemistry of aluminum silicate (~85%), mullite (~15%), and crystalline silica (<1%).  
Figure 3.4 below shows a picture of the KLS-150 spheres.  The KLS-300 spheres, from a 
visual standpoint, looked exactly the same as the image below.  The true density of the 
KLS-150 and KLS-300 spheres proved to be 0.6085±0.0001 g/cc and 0.6197±0.0000 
g/cc, respectively. 
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Figure 3.4- KLS 150 Spheres 
 
Aluminum Hydroxide 
The aluminum hydroxide was used on an as-received basis purchased from 
Trinity Ceramic Supply in Dallas, TX.  The aluminum hydroxide had a physical 
appearance of a white, fine powder and had a melting point around 300°C.  Figure 3.5 
below showed the thermal analysis performed on the aluminum hydroxide to study the 
decomposition reaction.  The particle size distribution of the aluminum hydroxide was 
performed using a Shimadzu SALD-2300 Laser Diffraction Particle Size Analyzer, as 
seen in Figure 3.6.  The mean diameter of the aluminum hydroxide particles was 
determined to be 20.634±0.736 microns.  As seen in the graph, though, the particle size 
appeared to be slightly skewed to the left.  A better representation of the distribution of 
the particle sizes would be the median, which was determined to be 35.135 microns.  
Figure 3.7 below showed a picture of the as-received aluminum hydroxide.  The 
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aluminum hydroxide had a true density of 2.4333±0.0010 g/cc, as determined by 
pycnometry. 
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Figure 3.5- Simultaneous Thermal Analysis of Aluminum Hydroxide 
 
Figure 3.6- Particle Size Analysis of Al(OH)3 
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Figure 3.7- As-received Aluminum Hydroxide 
 
Batching/Mixing 
Batches for extrusion were weighed out using a Sartorius Signum 3 Precision 
Balance.  Batches were weighed out on a 6,000 g basis and placed in the high intensity 
Lancaster mixer to ensure a homogenous composition.  Table 3.3 below showed the 
batch calculations used for the peanut hull additions.  These same batch values for the 
peanut hulls were repeated using the aluminum hydroxide and hollow ceramic spheres as 
well. 
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Table 3.3- Batch Calculations 
 Control 5wt.% 10wt.% 15wt.% 
Batch Size 6000    
Shale (g) 6000 5700 5400 5100 
Peanuts (g) 0 300 600 900 
SHMP (g) 15 15 15 15 
 
Once all raw materials were added to the mixing bowl, the Lancaster lid was 
lowered until the bowl was completely covered.  The batch was then blended for 5 
minutes through high intensity mixing.  After five minutes, 0.25% of sodium 
hexametaphosphate (SHMP), a deflocculant, was added as well as water until the desired 
plasticity was reached for extrusion.  The batch was then mixed for 2-3 minutes using 
high intensity mixing.  Typically, the overall addition of water varied between 15-30% 
depending on the particle size of the shale and pore-forming agents.  Once the desired 
plasticity of the mixtures was achieved, it was ready to be extruded.  Figure 3.8 shows the 
Lancaster high intensity mixer and sample batch before extrusion. 
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Figure 3.8- Mixing Process in High Intensity Lancaster Mixer 
 
Extruding 
The extruder used in this study was the RPII, made by Reymond Products 
International, Inc. as seen in Figure 3.9.  Before the mixed material was placed into the 
extruder, the vacuum was turned on as well as the upper and lower augers.  For these 
extrusions, the speed was set to 16 for the upper auger and 20 for the lower auger, with 
the upper auger always at a slower speed.  Material was passed through the upper auger 
and then cut into small cylindrical pieces in the vacuum chamber, which pulled at -50 
kilopascals. This helped to prevent air bubbles becoming trapped in the material as it was 
being extruded.  The material finally passed through the lower auger and then the die 
used, which produced a bar of specified dimensions (2 in. by 1 in.).  Figure 3.10 showed 
the material as it passed through the die.  The bars produced were cut to a consistent 
length of 6 inches.  The plasticity of the bars was checked and recorded using a Forney 
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Penetrometro ST 207, which measured in units of kg/cm2.  Once the desired amounts of 
bars were extruded, they were labeled, weighed for green weight, and marked for 
shrinkage.  After the physical properties were obtained, the bars were placed in a drying 
oven at 110°C for 24 hours. 
 
Figure 3.9- RPII Extruder 
 
Figure 3.10- Extrusion through 2”x1” Die 
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Firing 
After the bars were dried for 24 hours at 110°C, they were weighed again to 
record the dry weight and shrinkage.  The dried bars were placed in a small Harrop kiln, 
as seen in Figure 3.11, on a sand covered platform, spaced slightly apart from one 
another.  The firing cycle for each of the two peak temperatures is listed in Figure 3.12.  
The holding temperatures (275°C and 600°C) were chosen based on literature review to 
allow enough time for oxidation of the organic matter as well as dehydroxylation.  The 
peak temperatures selected were similar to temperatures used in brick manufacturing, 
which allow for solid-state fusion as well as vitrification.  Heating rates and soak times 
were selected to ensure a thermal equilibrium between the samples and the kiln as well as 
sufficient burnout of any of the pore forming agents.  Once the bars were fired, they were 
weighed and measured for shrinkage. 
 
Figure 3.11- Small Harrop Kiln at National Brick Research Center 
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Figure 3.12- Firing Cycle for 1050° C and 1100°C Pore-Forming Agent Samples 
 
Absorption (Archimedean Density) 
Absorption tests were conducted on five samples of each fired set (addition) using 
ASTM Standards C-20 and C-67 (Appendix).  For the boiling water absorption, the 
samples were boiled for 5 hours.  The following equations below were used to determine 
the cold water absorption, bulk density, and apparent porosity. 
 
For the cold water absorption (%), the saturated weight used was the 24-hour cold water 
weight. 
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For calculation of the bulk density (g/cc), the 5-hour boiled saturation weight was used to 
give a better infiltration of water into the open pores. 
 
!" = !"#!"#$%! − !"#$%&'%' 
 
Finally, the apparent porosity (%) used the boiled saturated weight as well. 
 
!"".!"#"$%&' = !"#$%& − !"#!"#$%& − !"#$%&'%' 
 
Mercury Intrusion Porosimetry 
The pore size distribution was measured following ASTM D4404-10 on samples 
from each respective addition level of pore forming agent as well as specified firing 
temperature.  Figure 3.13 below shows the setup of the pore size instrument in the lab.  
Test specimens taken from fired bars were taken from the interior, middle of the bar to 
reduce variability in the location where the sample was taken.  Mercury Intrusion 
Porosimetry used a non-wetting liquid in the form of mercury as well as varying amounts 
of pressure to infiltrate the porous sample and calculate the pore size distribution, bulk 
density, and apparent porosity [41].   
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Figure 3.13- Mercury Intrusion Porosimetry 
 
Thermal Conductivity Measurements 
Thermal conductivity measurements were tested using a Netzsch HFM 436 heat 
flow meter.  The thermal tests were conducted using ASTM standards C-518 and C-1058 
and performed under steady-state conditions.  These standards were beneficial in 
selecting a mean temperature for the test as well as the temperature difference between 
the hot and cold plates.  The calibration of the heat flow meter was performed using the 
Netzsch 1450D resin bonded glass fiberboard at a mean temperature of 24°C with a delta 
of 15°C.  For each set addition level (consisted of 5 bars), three measurements were taken 
and averaged to determine the apparent thermal conductivity.  The thermocouples used 
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were a K-type and attached to the center of the top and bottom face as seen in Figure 3.14 
below. 
 
 
Figure 3.14- Attaching Thermocouples to Face of the Sample 
The mean test temperature was set to 24°C with a delta of 15°C.  The delta 
temperature represents the difference between the temperature of the hot and cold plates.  
The offsets were set to ±2°C.  Both the mean temperature and the temperature difference 
between the hot and cold plates coincided with the selection criteria in ASTM C-518 and 
C-1058. 
 
Flexural Strength (Modulus of Rupture) 
For each set of addition levels, five samples were tested for flexural strength in 
accordance to ASTM C-67.  The test was performed using a SATEC compressive 
strength instrument with an Instron 25kN load cell and software using a 4 inch span for 
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this test.  The width and depth of each bar were recorded as well as the peak load after the 
test finished.  To calculate the modulus of rupture (MOR), the following formula was 
used. 
! = 3!"2!!! 
F= load at peak load (lbf) 
L= length of test span (in) 
b= width of sample (in) 
d= thickness of sample (in) 
By using the breaking load, span, width, and thickness of the bars, a constant 
known as the modulus of rupture was calculated, which depends on the strength of the 
material and not on its dimensions [42].  Figure 3.15 showed the flexural strength setup 
with the SATEC Instron machine. 
 
Figure 3.15- Test Setup for Modulus of Rupture 
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Simultaneous Thermal Analysis 
In order to simulate and understand the weight loss upon firing with organic 
burnout and decomposition, thermal analysis using thermogravimetry (TG) coupled with 
Fourier transform infrared spectroscopy (FTIR) was used on a smaller, scale sample.  
FTIR coupled with TG were beneficial due to the high scan speeds for a continuous 
monitoring of the gas composition [43].  Small, cylindrical pellets (2 grams) containing 
each addition level of pore-forming agent were dry pressed and placed on the ceramic 
platform within the STA furnace as seen in Figure 3.16.  The samples were heated to 
1150°C with an adequate heat rate of 8°C/min.  From the simulated firing, a specific 
weight loss was recorded along with a temperature range for oxidation of the peanut hulls 
within the clay sample [44].  The decomposition temperature of the aluminum hydroxide 
was also determined using TG/FTIR. 
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Figure 3.16- Simultaneous Thermal Analysis Setup for Pellets 
 
Scanning Electron Microscope 
Individual samples of the 10wt.% addition level of extendospheres were prepared 
for SEM in order to observe the morphology of the ceramic hollow spheres within the 
matrix.  These samples were polished and viewed using a Hitachi S-3400N Scanning 
Electron Microscope at the Advanced Materials Research Laboratory (AMRL).  Samples 
were viewed at magnifications of 100x, 500x, and 1000x. 
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CHAPTER IV 
RESULTS AND DISCUSSION 
Particle Analysis and Characterization 
One the first things to look at when dealing with pore-forming agents was the size 
and morphology of the particle.  During this experiment, three different pore-forming 
agents with varying sizes and shapes were incorporated into a shale/clay mix.  
Understanding the particle size distribution of the base mix and pore-forming agents was 
essential.  Figure 4.1 again illustrated the particle size distribution performed under 
ASTM D422-63, which provided a better understanding than dry sieves.  This was due to 
the clay particles sticking to other particles in the shale.  Table 4.1 showed the dry 
particle size analysis of the shale using U.S. standard sieves. 
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Figure 4.1- Particle Size Distribution of As-Received Shale 
Table 4.1- Percent Retained Particle Analysis of Shale/Clay Mix 
Screen Size Opening (mm) % Retained 
6 3.35 0.13 
12 1.7 3.97 
20 0.85 28.16 
30 0.59 13.62 
50 0.297 25.97 
100 0.149 17.51 
Pan 0 10.64 
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Based on the sieve analysis in Table 4.1, the shale/clay base mix showed a 
reasonable distribution of medium and fine particle sizes.  More in depth particle size 
distribution tests performed (ASTM D422) showed an even distribution of sand 
(35.20%), silt (39.26%), and clay (25.54%).  The general rule of thumb for each of these 
components is a !! : !! :  !! ratio.  Each of these components was important in the forming 
process.  Sand helped prevent moderate shrinkage while the clay improved and 
maintained the plasticity needed during extrusion.  Finally, the silt acts primarily as filler 
within the matrix.  Hydrometer tests revealed that 80% of the particle sizes were finer 
than 300 microns.  Having an even distribution of particle sizes allowed for dense 
packing and lower void content of the extruded samples.   
The hollow ceramic spheres, purchased commercially, had a very defined and 
specific particle size range.  Two different particle size ranges were purchased for this 
experiment, KLS-150 and KLS-300.  The particle size ranges of these two samples were 
10-150 µm and 10-300 µm, respectively.  The benefit of purchasing a commercial 
product was high quality, homogeneous material and specific, tailored particle size.  The 
composition of the spheres, according to the MSDS provided by Sphere One, was 85% 
aluminum silicate, 15% synthetic mullite, and <1% crystalline silica.  Each of the types 
of hollow spheres had a deformation temperature greater than 1400°C, ensuring that the 
sphere walls would not collapse during firing.  The KLS-300 had a slightly larger particle 
size range than the KLS-150, allowing for production of larger, enclosed pores in the 
sample than the KLS-150.  Therefore, a comparison could be made on the effect each 
size had on the physical properties and thermal conductivity. 
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The particle size analysis for the aluminum hydroxide can be seen again in Figure 
4.2 below.  As previously stated, the aluminum hydroxide powder was an extremely fine 
powder with a median particle diameter of 35.135 microns. 
 
Figure 4.2- Particle Size for Aluminum Hydroxide Powder 
 
The peanut hulls, received in bulk, were fairly coarse with a mix of medium and 
fine particles as seen previously in Table xx in the Experimental Procedures. 
After the peanut hulls were sieved, loss on ignition was performed to determine the 
weight loss and amount of organic material present.  The loss on ignition for the peanut 
hulls was determined to be 97.67% with an ash content of 2.33%.  Chemistry on the 
leftover ash was performed using x-ray fluorescence, which yielded values present in 
Table 4.2. 
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Table 4.2- Oxidized Chemistry on Peanut Hull Ash 
  Oxidized 
SiO2 % 77.78 
Al2O3 % 5.20 
Na2O % 0.30 
K2O % 7.41 
MgO % 1.26 
CaO % 3.31 
Fe2O3 % 1.64 
MnO % 0.07 
TiO2 % 0.49 
P2O5 % 1.59 
   
S % 0.84 
Cl ppm 0.00 
V ppm 0.00 
Cr ppm 58.99 
Ni ppm 10.00 
Cu ppm 71.09 
Zn ppm 200.58 
As ppm 9.20 
Rb ppm 24.40 
Sr ppm 72.59 
Zr ppm 257.68 
Ba ppm 219.98 
Pb ppm 18.00 
   
 Sum 100.00 
 
As seen by the chemistry report, the peanut hull ash consisted primarily of silica 
(SiO2) with small amounts of potassium oxide (K2O), alumina (Al2O3), and calcium 
oxide (CaO).  One of the reasons peanut hulls were selected along with being a pore-
forming agent was the presence of potassium oxide as a flux.  The presence of a flux in 
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the peanut hull ash would help to promote vitrification after the peanut hulls burnt out.  In 
order to obtain sufficient quantitites of particle sizes of the peanut hulls, hammer milling 
was needed to grind the coarse particles to a finer fraction.  The screen used in the 
hammer mill was comparable to a 20-mesh sieve screen.  By using the hammer mill 
technique, it allowed for the control of particle size without biasing the chemistry of the 
peanut hulls.  Finally, the density of both size fractions of peanut hulls (1.5614 g/cc and 
1.7088 g/cc) seemed to be higher than the density of the sawdust used by Robinson (0.60 
g/cc.) 
Organic Burnout 
To confirm the oxidation of the peanut hulls, thermogravimetry coupled with 
FTIR was used on 2-gram pellets of the shale/clay mix with addition levels of peanut 
hulls.  Figure 4.3 showed the comparison in the weight loss of each of the pellets at an 
8°C/min heating rate to 1100°C. 
 
Figure 4.3- TG Curves of Reference and Peanut Hull Additions 
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As seen in the TG measurements, as the addition level of peanut hulls increased 
the weight loss increased as well.  A standard reference sample of shale/clay showed a 
residual mass of 93.76% while the 5wt.% and 10wt.% weight addition level showed a 
residual mass of 89.91% and 82.53%, respectively.  Looking at the DTG, differential 
thermogravimetry, in Figure 4.4 below the comparison of each of the three samples 
showed two large weight loss intervals during firing.  The first and largest weight loss 
step occurred over the temperature range of 200-400°C.  The second and smaller weight 
loss step occurred over the range of 400-800°C. 
 
Figure 4.4- DTG of Varying Additions of Peanut Hulls 
Using FTIR with the TG analysis allowed for analysis of the gases released 
during firing, in this case primarily carbon dioxide, that correspond with the oxidation of 
the peanut hulls.  As the peanut hulls within the sample were being oxidized, there was a 
corresponding CO2 peak with the burnout.  Figure 4.5 below showed that as the addition 
level of peanut hulls increased, so did the release of CO2.  The 15wt.% weight addition of 
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peanut hulls proved to have the largest CO2 peak compared to the 5wt.% weight addition 
and reference sample.  The reason the peaks for the 5wt.% and 15wt.% peanut hulls 
looked similar and appeared to last until 800°C was the FTIR system was saturated by the 
release of carbon dioxide.  The amount of CO2 being released far exceeded the range the 
FTIR system can measure. 
 
Figure 4.5- Comparison of CO2 Emissions 
The temperature range the CO2 emissions occurred at are between 200-800°C, 
which corresponded nicely to the TG weight loss curves.  The reference sample had a 
small CO2 peak at around 300°C, partly due to the presence of organic matter in the 
shale/clay itself.  The largest influence on the oxidation of the organic matter present was 
the atmosphere during firing.  It is highly important to have an oxidizing atmosphere with 
excess, circulated oxygen present to allow for complete burnout.  If the atmosphere lacks 
oxygen, then the oxidation reaction will only proceed partially, leaving organic material 
present in the sample. 
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Another gas that is commonly measured during the use of TG/FTIR was the 
amount of water vapor.  Figure 4.6 shows the water vapor emission from the samples 
during heating. 
 
Figure 4.6- H2O Emission Comparison 
As seen in Figure 4.6, there were two small water peaks at 226°C and 296°C 
present in the reference sample mix associated with any organics present.  There was 
another water peak at 564°C, which corresponded to the de-hydroxylation of any 
chemically-bound water in the clay mineral present.  When comparing the emission to the 
two peanut hull additions, the de-hydroxylation peak around 560°C remained consistent; 
however, the release of H2O around 300°C increased dramatically with increasing weight 
percent of peanut hulls.  Because the peanut hulls were very porous, they absorbed water 
readily which also led to an increase in water demand during extrusion as addition level 
increased.  Water vapor and carbon dioxide were the only two species studied during this 
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experiment, however, other gaseous emissions such as carbon monoxide and sulfur 
dioxide could be measured with this equipment. 
Aluminum Hydroxide and Hollow Spheres Firing 
 Similar to that of the peanut hulls, the aluminum hydroxide and hollow sphere 
additives were studied using simultaneous thermal analysis as well.  The procedure used 
was consistent with that involving the peanut hulls using 2 gram pellets with a heating 
rate of 8°C/min to 1100°C.  The thermogravimetry results of the varying additions of 
aluminum hydroxide (Al(OH)3) are shown in Figure 4.7 below.  The results suggest that 
as the addition level of aluminum hydroxide increased, the weight loss increased as well 
as a result of the decomposition reaction of Al(OH)3.  Based on literature review, one of 
the main products associated with the decomposition of aluminum hydroxide is water.  
Figure 4.8 showed the FTIR analysis of water vapor released during the reaction of 
varying addition levels.  The results indicated that there are two water vapor peaks at 
around 330°C and 565°C.  However, the first water peak for each addition level increased 
with increased aluminum hydroxide addition.  These results indicated that the 
decomposition reaction was taking place at around this temperature and a larger 
percentage of water was being released with increased aluminum hydroxide addition.  On 
the other hand, the second water peak for each addition level remained fairly constant, 
suggesting that the water released is mainly due to the dehydroxylation of the chemically 
bound water present in the clay. 
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Figure 4.7- Thermogravimetry of Al(OH)3 Addition Pellets 
 
Figure 4.8- FTIR Analysis of Al(OH)3 Addition Pellets 
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 The last addition studied using thermal analysis was the hollow ceramic spheres 
from Sphere One Incorporated.  Because the ceramic hollow spheres were merely acting 
as a placeholder throughout the firing process, no major results in thermal analysis were 
expected going in.  Figure 4.9 showed the thermogravimetry data from runs with 5% and 
15wt.% hollow spheres.  The weight loss for each addition level up to around 550°C 
remained consistent, showing that increased levels of hollow spheres played no effect on 
the natural weight loss during firing.  After 550°C, the reference and 5wt.% samples lose 
around 1% more weight than the 15wt.% hollow sphere addition.  This seemed to relate 
to the fact that at increased levels of hollow spheres, there were less amounts of clay 
present to lose more weight than at the 0% (reference) or 5wt.% levels. 
 
Figure 4.9- Thermogravimetry of Ceramic Hollow Sphere Additions 
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Bulk Density 
After the extruded bars with varying addition levels of peanut hulls, ceramic 
hollow spheres, and aluminum hydroxide were fired, Archimedean density and mercury 
intrusion porosimetry (MIP) were performed to calculate the bulk density.  Table 4.3 
showed the bulk density of the samples at two different firing temperatures using each of 
the techniques.  For convenience, the true densities determined for each pore-forming 
agent and shale were used to calculate the volume % added for each addition rate.  These 
volume % values were used later in the results to illustrate trends instead of the original 
weight % values. 
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Table 4.3- Bulk Density Measurements Using Archimedean and Porosimetry 
	   	   Bulk	  Density	  (g/cc)	  
Sample	   Wt./Vol.	   1050°C	   1100°C	  
	   	   Archimedean	   MIP	   Archimedean	   MIP	  
Reference	   0%	   2.03	   2.00	   2.10	   2.13	  
A1	  (-­‐24/+50	  M	  Pnut	  Hulls)	   5%/8%	   1.79	   1.86	   1.86	   1.78	  
A2	  (-­‐24/+50	  M	  Pnut	  Hulls)	   10%/16%	   1.67	   1.63	   1.73	   1.69	  
A3	  (-­‐24/+50	  M	  Pnut	  Hulls)	   15%/23%	   1.49	   1.66	   1.57	   1.58	  
	   	   	   	   	   	  
B1	  (-­‐50/+100	  M	  Pnut	  Hulls)	   5%/8%	   1.84	   1.88	   1.91	   1.89	  
B2	  (-­‐50/+100	  M	  Pnut	  Hulls)	   10%/15%	   1.73	   1.75	   1.79	   1.78	  
B3	  (-­‐50/+100	  M	  Pnut	  Hulls)	   15%/22%	   1.58	   1.52	   1.64	   1.61	  
	   	   	   	   	   	  
SA1	  (10-­‐150	  μm	  hollow	  
spheres)	  
5%/19%	   1.82	   1.84	   2.00	   1.97	  
SA2	  (10-­‐150	  μm	  hollow	  
spheres)	  
10%/33%	   1.75	   1.80	   1.93	   1.88	  
SA3	  (10-­‐150	  μm	  hollow	  
spheres)	  
15%/44%	   1.80	   1.75	   1.83	   1.80	  
	   	   	   	   	   	  
SC1	  (10-­‐300	  μm	  hollow	  
spheres)	  
5%/19%	   1.88	   1.84	   2.06	   2.07	  
SC2	  (10-­‐300	  μm	  hollow	  
spheres)	  
10%/33%	   1.82	   1.79	   1.96	   1.92	  
SC3	  (10-­‐300	  μm	  hollow	  
spheres)	  
15%/44%	   1.75	   1.75	   1.86	   1.82	  
	   	   	   	   	   	  
AH1	  (Al(OH)3)	   5%/6%	   1.98	   1.94	   2.04	   2.05	  
AH2	  (Al(OH)3)	   10%/11%	   1.94	   1.91	   1.99	   1.97	  
AH3	  (Al(OH)3)	   20%/22%	   1.83	   1.80	   1.88	   1.90	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The data implied that the two techniques used for measuring bulk density were 
consistent with one another for each addition level and peak firing temperature.  The data 
also suggested that as the firing temperature increased, so did the bulk density.  As the 
firing temperature increased for a specific sample, the shrinkage of the material increased 
as well, which produced a denser sample.  Figures 4.10, 4.11, and 4.12 below showed 
dilatometer measurements performed on each of the additions of pore-forming agents.  
The simulated firing suggested that as the peak firing temperature increased for a specific 
addition level so did the percent shrinkage.  Hence, a higher peak firing temperature 
should have a higher bulk density for a given addition level.  The dilatometry results also 
helped to illustrate the fluxing capabilities of the peanut hull ash, hollow spheres, and 
aluminum hydroxide.  As the addition rate increased, the onset of vitrification shifted to a 
lower temperature due to the presence of a flux. 
 
Figure 4.10- Dilatometry on Peanut Hulls Additions 
200 400 600 800 1000
Temperature /°C
-4.0
-3.5
-3.0
-2.5
-2.0
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-1.0
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15wt.% Peanut Hulls
Onset: 1040.1 °C
1100.0 °C, -1.12 %
Onset: 1032.0 °C
1100.0 °C, -3.58 %
Onset: 1047.6 °C
1100.0 °C, -0.50 %
[1]
[2]
[3]
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Figure 4.11- Dilatometry on Ceramic Hollow Sphere Additions 
 
Figure 4.12- Dilatometry on Aluminum Hydroxide Additions 
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The first pore-forming agent to look at, in terms of bulk density, was the varying 
fraction sizes of peanut hulls.  Figure 4.13 below showed the relationship between the 
weight percent addition with the bulk density and apparent porosity. 
	  
Figure 4.13- Varying Particle Sizes of Peanut Hulls at 1100°C 
 
At a firing temperature of 1100°C, the bulk density values for -24/+50 mesh 
peanut hulls showed a lower value for the bulk density at any specific weight percent 
addition.  The lowest bulk density values at a firing temperature of 1050°C and 1100°C 
were obtained using the -24/+50 mesh peanut hulls, which produced a bulk density of 
1.49 g/cc and 1.57 g/cc respectively.   This seemed to suggest that a larger particle size 
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for the peanut hulls had a greater affect on lowering the bulk density as the weight 
percent addition increased.  In a similar fashion, as the weight percent increased with 
both sizes of the peanut hulls, the apparent porosity increased in a linear relationship.  
The -24/+50 mesh peanut hulls again achieved the higher apparent porosity for a given 
weight percent addition.  The maximum apparent porosity values at 1050°C and 1100°C 
were 44.51% and 41.26%, respectively.  This seemed to suggest that a larger volume of 
peanut hulls and a lower firing temperature achieved a higher overall porosity.  In 
general, it was observed that a larger size of peanut hulls would produce a greater volume 
of open porosity.  As seen earlier with the dilatometer runs, a lower firing temperature 
will give a lower shrinkage value.  A lower shrinkage value will correspond with a less 
dense sample. 
By firing samples from each addition level of pore-forming agents at another 
temperature, the variation of bulk density could be studied.  As the firing temperature 
increased from 1050°C to 1100°C, so did the bulk density at a given weight percent 
addition level, as shown in Figure 4.14 below.  The average difference in bulk density for 
the firing temperatures appeared to be 0.06 g/cc.  This further suggested that density 
increases with an increase in firing temperature. 
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Figure 4.14- Bulk Density of -24/+50 Mesh Peanut Hulls Samples 
 
The addition of the two particle range sizes of the ceramic hollow spheres resulted 
in a decrease of bulk density with increasing weight percent addition level.  The ceramic 
hollow spheres with a range of 10-150µm resulted in the lower bulk density at a specific 
addition level compared to the 10-300µm particle size, as seen in Figure 4.15 below.  
This lower bulk density also proved to have a higher apparent porosity at each addition 
level as well.  It is interesting to note that the apparent porosity measured seemed to 
increase about 2% from the reference sample to the 44vol.% (15wt.%) addition level.  
The decrease in bulk density coupled with only a slight increase in apparent porosity 
suggests that closed porosity might account for a larger decrease in density. 
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Figure 4.15- Bulk Density and Apparent Porosity of Ceramic Hollow Sphere Additions 
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The effect of firing temperature on bulk density can be seen below in Figure 4.16.  
Similar to that of the peanut hulls, as the firing temperature increased, so did the bulk 
density for each addition level. 
 
	  
Figure 4.16- Bulk Density of Ceramic Hollow Spheres at Varying Firing Temperature 
 
The apparent porosity and bulk density for the addition of aluminum hydroxide at 
1100°C can be seen in Figure 4.17.  The results suggested that an inverse relationship 
exist between addition percent of aluminum hydroxide and bulk density.  As the weight 
percent of aluminum hydroxide increased, the bulk density decreased in a linear manner.  
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However, as the addition rate increased, so did the apparent porosity, which reached a 
maximum value of around 33%.  Similar to that of the peanut hulls and ceramic hollow 
spheres, the bulk density of the aluminum hydroxide increased at a specific addition level 
with the higher firing temperature, as seen in Figure 4.18. 
	  
Figure 4.17- Bulk Density and Apparent Porosity of Aluminum Hydroxide 
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Figure 4.18- Bulk Density of Aluminum Hydroxide at Varying Firing Temperatures 
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Having looked at each of the results for the pore-forming agents individually, a 
comparison of the effect on bulk density can be shown in Figure 4.19. 
	  
	  
Figure 4.19- Bulk Density with Varying Types of Pore-Forming Agents at 1100°C 
 
Each of the pore-forming agents resulted in a linear decrease in bulk density with 
increased weight percent addition.  Results suggested that both of the peanut hull sizes 
provided the largest decrease in bulk density, with the larger particle size having the most 
significant effect.  The ceramic hollow spheres proved to decrease the bulk density as 
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well but not to the extent as the peanut hulls.  Finally, the aluminum hydroxide resulted in 
the smallest effect on bulk density with increased weight percent addition. 
 
Absorption 
Looking at the water absorption of fired samples is another way to understand the 
effect that the pore-forming agents had on the porosity.  The cold-water absorption is a 
24-hour soak method that allows water any small pores, or capillaries, inside the sample.  
Boiled-water absorption involved boiling samples in water for five hours to fill in any of 
the larger pores.  Samples with larger amounts of open porosity, or voids, will absorb the 
most water.  One of the other forms of porosity present in ceramics is closed porosity.  
Closed porosity results in a completely, isolated void in the sample matrix. 
When looking at the saturation coefficient (C/B ratio), it is important to note 
ASTM standard C-216 for the physical requirements of facing brick.  For severe weather 
grade, the maximum saturation coefficient for an average of 5 bricks is 0.78 and 0.80 for 
an individual brick.  These standard values were used to relate to the values obtained 
experimentally for the extruded bars.  The extruded bars that met these requirements 
would suggest that the same results could be expected in actual brick manufacturing.  The 
absorption data for each of the pore-forming agents can be seen below in Table 4.4. 
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Table 4.4- Absorption Data 
Sample	   Wt./Vol.	   Cold	  Water	  
Absorption	  %	  (CWA)	  
Boiled	  Water	  
Absorption	  %	  (BWA)	  
C/B	  Ratio	  
	   	   1050°C	   1100°C	   1050°C	   1100°C	   1050°C	   1100°C	  
Reference	   0	   9.75	   7.09	   12.81	   10.03	   0.76	   0.71	  
A1	  (-­‐24/+50	  M	  
Pnut	  Hulls)	  
5%/8%	   13.00	   11.08	   18.64	   16.33	   0.70	   0.68	  
A2	  (-­‐24/+50	  M	  
Pnut	  Hulls)	  
10%/16%	   13.36	   13.48	   21.56	   20.40	   0.62	   0.66	  
A3	  (-­‐24/+50	  M	  
Pnut	  Hulls)	  
15%/23%	   21.30	   17.85	   29.83	   26.31	   0.71	   0.68	  
	   	   	   	   	   	   	   	  
B1	  (-­‐50/+100	  M	  
Pnut	  Hulls)	  
5%/8%	   13.21	   10.71	   17.37	   14.84	   0.76	   0.72	  
B2	  (-­‐50/+100	  M	  
Pnut	  Hulls)	  
10%/15%	   15.41	   13.37	   20.73	   18.57	   0.74	   0.72	  
B3	  (-­‐50/+100	  M	  
Pnut	  Hulls)	  
15%/22%	   20.13	   17.28	   26.23	   23.83	   0.77	   0.73	  
	   	   	  	   	  	   	   	   	   	  
SA1	  (10-­‐150	  μm	  
hollow	  spheres)	  
5%/19%	   12.43	   6.74	   16.88	   10.94	   0.74	   0.62	  
SA2	  (10-­‐150	  μm	  
hollow	  spheres)	  
10%/33%	   11.63	   6.96	   17.80	   11.63	   0.66	   0.60	  
SA3	  (10-­‐150	  μm	  
hollow	  spheres)	  
15%/44%	   10.80	   6.88	   15.74	   12.71	   0.69	   0.54	  
	   	   	   	   	   	   	   	  
SC1	  (10-­‐300	  μm	  
hollow	  spheres)	  
5%/19%	   11.19	   7.25	   15.25	   10.35	   0.73	   0.70	  
SC2	  (10-­‐300	  μm	  
hollow	  spheres)	  
10%/33%	   10.98	   6.75	   16.06	   11.25	   0.68	   0.60	  
SC3	  (10-­‐300	  μm	  
hollow	  spheres)	  
15%/44%	   10.40	   6.93	   17.33	   12.51	   0.60	   0.55	  
	   	   	   	   	   	   	   	  
AH1	  (Al(OH)3)	   5%/6%	   11.78	   9.55	   13.97	   11.92	   0.84	   0.80	  
AH2	  (Al(OH)3)	   10%/11%	   13.13	   11.59	   15.36	   13.86	   0.86	   0.84	  
AH3	  (Al(OH)3)	   20%/22%	   17.32	   15.44	   19.25	   17.47	   0.90	   0.88	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It is interesting to notice that the cold-water absorption increased with the addition 
levels of peanut hulls and aluminum hydroxide.  This suggests that extended amounts of 
open porosity were formed during oxidation of the peanut hulls and decomposition of the 
aluminum hydroxide.  The highest absorption values were obtained with sample A (-
24/+50 M) and sample B (-50/+100 M) peanut hulls of 21.30% and 20.13% at 1050°C, 
respectively.  On the other hand, the cold-water absorption for the two types of ceramic 
hollow spheres proved to remain fairly consistent with the absorption values of the 
reference sample at each respective firing temperature.  This reinforced that the hollow 
spheres did not create any open porosity; therefore, only forming closed porosity in the 
sample.  As expected, as the firing temperature increased, the cold-water absorption and 
boiled-water absorption decreased for all pore-forming agents.  This reiterates the 
densification of the sample, which resulted in a lower overall porosity.  This vitrification, 
or glassy phase, tended to fill in voids present in the matrix resulting in a higher bulk 
density and lower absorption values. 
The C/B ratio (CWA/BWA) represents the ratio of small pores to overall porosity.  
As the firing temperature increased for each addition level of pore-forming agent, the 
ratio seemed to decrease.  This suggested an indication that a higher percentage of larger 
pores were being formed.  Another interesting result was that for the peanut hulls and 
hollow spheres, the C/B ratio either remained fairly constant or decreased slightly with 
increased addition rate.  However, with increased addition rate of aluminum hydroxide, 
the C/B ratio increased at both firing temperatures exceeding the ASTM value for severe 
weather brick of 0.78.  This seemed to suggest that the majority of the porosity was small 
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pores, or capillary pores. Figure 4.20 below shows the cold-water absorption with 
varying addition levels at 1100°C. 
 
Figure 4.20- CWA for Samples Fired at 1100°C 
Based on the graphical representation of the absorption for the 1100°C firing, the 
increase in absorption for all of the pore-forming agents appeared to be linear.  Both 
particle sizes of the peanut hulls had the most dramatic increase, while the absorption for 
the hollow spheres remained constant.  The aluminum hydroxide absorption fell in 
between the peanut hulls and hollow spheres.  The water absorption for the -24/+50 
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peanut hulls appeared to be slightly higher than the -50/+100 peanut hulls, suggested by a 
larger particle size, which resulted in larger volumes of pores within the sample. 
 
Porosity 
In order to understand the pore size distribution of the each of the pore-forming 
agents, mercury intrusion porosimetry (MIP) was conducted on each of the addition 
levels and firing temperatures.  The results of the porosimetry seemed to indicate the 
median pore size, volume intruded of specific pore sizes, and total porosity.  The three 
categories of pore sizes were chosen based on values seen from the brick industry.  Pore 
sizes less than a micron, also known as capillary pores, tend to absorb water through 
capillary action.  This results in a negative effect during free thaw capabilities.  On the 
other hand, pore sizes in the range of 1-10 microns represent the smallest pores formed 
that more than likely are capable to withstand free thaw.  Finally, the greater than 10 
microns represents any pore sizes larger than the previous categories. 
As seen in Figure 4.21 below, a bimodal distribution existed between the pores 
formed from the packing of the shale/clay and the pores formed from the -24/+50 mesh 
peanut hulls.  The growth of the peaks greater than 10 microns suggested that as the 
addition rate of -24/+50 mesh peanut hulls increased so did the overall porosity and the 
volume of pores greater than 10 microns.  Table 4.5 below shows the increase in the 
volume intruded for pores greater than 10 microns.  The addition of the -24/+50 mesh 
peanut hulls also increased the median pore diameter.  The addition of the -50/+100 mesh 
peanut hulls produced a bimodal distribution as well, with an increase in pore volume of 
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pores greater than 10 microns as well as 1-10 microns, as seen in Figure 4.22.  The -
50/+100 mesh peanut hulls increased the overall porosity as well as the median pore 
diameter.  Based on the results in Table 4.5, the pore size distribution suggested that the -
24/+50 mesh peanut hulls produced median pore diameters greater than that of the pores 
produced by the -50/+100 mesh peanut hulls.  The mercury intrusion results in Table 4.5 
also seemed to compliment the bulk density and apparent porosity results from 
Archimedean method by showing that the larger peanut hulls (-24/+50 mesh) resulted in 
a higher total porosity when compared to the smaller peanut hull size (-50/+100 mesh).   
	  
Figure 4.21- Pore Size of -24/+50 M Peanut Hulls at 1100°C 
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Table 4.5- Pore Size Distribution of Peanut Hulls at 1100°C 
   
Volume Intruded (ml/g) 
 
Median 
Pore Dia. 
(microns) Porosity 
>10 
micron 
1--10 
micron <1 micron 
Reference (0%) 3.085 20.10 0.0223 0.0403 0.0324 
5wt.%/8vol.% -24/50 M 6.857 33.10 0.0810 0.0660 0.0389 
10wt.%/16vol.% -24/+50 M 9.887 33.20 0.0983 0.0532 0.0454 
15wt.%/23vol.% -24/+50 M 15.57 42.11 0.1546 0.0674 0.0441 
5wt.%/8vol.% -50/+100 M 3.923 28.10 0.0411 0.0754 0.0315 
10wt.%/15vol.% -50/+100 
M 5.127 31.21 0.0506 0.0849 0.0395 
15wt.%/22vol.% -50/+100 
M 7.332 38.98 0.0929 0.1213 0.0288 
 
	  
	  
Figure 4.22- Pore Size of -50/+100 M Peanut Hulls at 1100°C 
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The pore size distribution graphs and mercury intrusion data for both size ranges 
of the ceramic hollow spheres can be seen in Figure 4.23, Figure 4.24, and Table 4.6.  
Graphically looking at the pore distribution, it appeared that increasing the addition of 
both sizes of hollow spheres resulted in an increase in overall porosity to a maximum 
value of 29%.  Another interesting feature for both sizes of spheres was the increased 
porosity around the 0.1µm pore diameter.  The incremental volume for pores less than 1 
micron increased with percent addition level.  The addition of the 10-150µm and 10-
300µm spheres seemed to decrease the median pore diameter with increased weight 
percentage.  An interesting comparison note was the difference between the intrusion 
data and the cold-water absorption data.  The cold-water absorption data showed virtually 
a constant absorption percentage with increasing percent addition of hollow spheres.  The 
mercury intrusion data, however, showed an increase in open porosity with increased 
percent addition level.  This difference can possibly be drawn to the variation in the data 
collection methods.  The mercury intrusion method used varying pressures (low to high), 
as high as 30,000 psi, to infiltrate the sample, while cold-water absorption was performed 
at atmospheric pressure. 
	   84	  
	  
Figure 4.23- Pore Size Distribution of 10-150µm ceramic hollow spheres at 1100°C 
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Table 4.6- Pore Size Distribution of Ceramic Hollow Spheres at 1100°C 
   
Volume Intruded (ml/g) 
 
Median 
Pore Dia. 
(microns) Porosity >10 micron 1--10 micron <1 micron 
Reference (0%) 3.085 20.10 0.0223 0.0403 0.0324 
5wt.%/19vol.% 
10-150µm 
Spheres 3.328 23.17 0.0193 0.0754 0.0232 
10wt.%/33vol.% 
10-150µm 
Spheres 2.418 25.88 0.0149 0.0773 0.0448 
15wt.%/44vol.% 
10-150µm 
Spheres 2.400 29.75 0.0111 0.0923 0.0616 
5wt.%/19vol.% 
10-300µm 
Spheres 2.731 20.81 0.0156 0.0702 0.0151 
10wt.%/33vol.% 
10-300µm 
Spheres 2.674 26.81 0.0109 0.0883 0.0399 
15wt.%/44vol.% 
10-300µm 
Spheres 2.201 28.78 0.0114 0.0886 0.0580 
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Figure 4.24- Pore Size Distribution of 10-300µm ceramic hollow spheres at 1100°C 
 
Finally, the pore size distribution and mercury intrusion data for the aluminum 
hydroxide addition levels can be seen in Figure 4.25 and Table 4.7.  Looking at the graph 
and table, increasing the addition of aluminum hydroxide increased the overall porosity 
in the 1-10µm and less than 1µm pore diameter ranges.  Also with the increased weight 
percent of aluminum hydroxide, the median pore diameter decreased from 3 microns to 
1.7 microns, suggested by the increase in volume of less than 1 micron pores.  This 
increase in porosity with addition level contradicts results found by Kumar et al on the 
addition of aluminum hydroxide into silicon carbide ceramics.  Kumar determined that 
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the increase in aluminum hydroxide level resulted in a lower porosity.  However, it is 
important to note that the results obtained by Kumar were performed using a different 
firing mechanism.  As seen earlier in the literature survey as well as these results, 
porosity is heavily influenced by the firing cycle. 
	  
	  
Figure 4.25- Pore Size of Aluminum Hydroxide at 1100°C 
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Table 4.7- Pore Size Distribution of Aluminum Hydroxide at 1100°C 
   
Volume Intruded (ml/g) 
 
Median 
Pore Dia. 
(microns) Porosity >10 micron 1--10 micron <1 micron 
Reference (0%) 3.085 20.10 0.0223 0.0403 0.0324 
5wt.%/6vol.% 
Al(OH)3 2.202 23.79 0.0217 0.0704 0.0238 
10wt.%/11vol.% 
Al(OH)3 1.958 25.75 0.0206 0.0751 0.0353 
20wt.%/22vol.% 
Al(OH)3 1.777 31.33 0.0234 0.0904 0.0512 
 
Overall, the increased addition of each of the pore-forming agents suggested an 
increase in total porosity.  The -24/+50 and -50/+100 mesh peanut hulls suggested an 
increase in the greater than 10µm and 1-10µm pore volume.  The 10-150µm and 10-
300µm ceramic hollow spheres and aluminum hydroxide additions suggested an increase 
in the less than 1µm and 1-10µm pore volume. 
 
Thermal Conductivity 
As seen earlier, the addition of each of the pore-forming agents decreased the bulk 
density as weight percent addition increased.  In the same manner, the overall porosity 
tended to increase as addition levels increased.  In order to determine the effect each of 
the pore forming agents had on the thermal conductivity, one-dimensional heat flow 
readings were collected using a Netzsch Heat Flow Meter.  The thermal conductivity 
values recorded were collected using a temperature range conducive to temperatures a 
typical wall would experience on a daily basis.  The temperature used was from 17°C to 
32°C.  The mean temperature of 24°C corresponded to temperature selection for building 
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envelope guidelines specified through ASTM 1058.  As would be expected, the creation 
of porosity with increased addition rate resulted in a linear decrease in thermal 
conductivity as seen in Figure 4.26 below.  The data points for each pore-forming agent 
represented the average of three thermal conductivity measurements. 
	  
Figure 4.26- Thermal Conductivity of Pore-Forming Agents Fired at 1100°C 
 
An interesting point to note was the samples with the 10-150µm and 10-300µm 
hollow spheres proved to have no significant effect on the thermal conductivity.  This 
suggests that conduction through the matrix remains constant with that of the reference 
shale/clay extruded pieces.  This could possibly be explained by conduction across the 
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exterior shell of the ceramic hollow spheres.  Scanning electron microscopy was 
performed to observe the interaction between the shale matrix and sphere, which will be 
discussed later in the results.  These results seem to contradict the results found by Miller 
in regards to lowering the thermal conductivity in castables.  Miller determined that 
ceramic spheres in the volume percent of 30-50% significantly lower the thermal 
conductivity to 0.7 W/m K and 0.2 W/m K respectively. 
Overall, the peanut hulls sizes resulted in the largest decrease in thermal 
conductivity, with the -24/+50 mesh resulting in lower values than the -50/+100 mesh 
peanut hulls.  This suggested that the larger peanut hulls provided the best insulating 
characteristics.  As the amount of open porosity increased within the samples with both 
size fractions of peanut hulls, the thermal conductivity decreased as seen in Figure 4.27. 
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Figure 4.27- Porosity of Peanut Hull Samples vs. Thermal Conductivity 
 
The open porosity for the peanut hull sample additions also showed that with 
increasing firing temperature, a higher conductivity value is reached due to an increased 
bulk density.  At a higher firing temperature, a denser sample was produced due to 
increased shrinkage and vitrification.  This increase in shrinkage as well as increased 
vitrification will fill in open, air voids, increasing the thermal conductivity.  This increase 
in bulk density suggested that denser samples transferred heat more readily. 
To understand which specific pore size range contributed the most to the decrease 
in thermal conductivity, the pore volume of >10 µm, 1-10 µm, and <1 µm as seen earlier 
were related to the thermal conductivity to determine any correlation.  Recent studies by 
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Dondi, in the literature survey, on various commercial bricks seemed to suggest that there 
was no obvious correlations between mean pore size and thermal conductivity.  Dondi 
urged that more research should be conducted to determine if there was such a 
correlation.  The following results compare three selected pore size ranges and compare 
them to the thermal conductivity to determine if such a correlation does exist. 
The relationship between the >10µm pores for both sizes of the peanut hulls at varying 
firing temperatures can be seen in Figure 4.28. 
	  
Figure 4.28- Comparison of >10µm Pores of Peanut Hull Additions 
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The graph suggested that as the pore volume of >10µm increases; the thermal 
conductivity decreased in a seemingly linear fashion.  As the firing temperature increased 
and the bulk density increased, so did the thermal conductivity for a given pore volume.  
Figures 4.29 and 4.30 below showed the lack of correlation between 1-10µm and <1µm 
pore volume to thermal conductivity. 
	  
Figure 4.29- 1-10µm Peanut Hull Pore Volume at 1100°C 
!
1-10 micron Pore Volume of Peanut Hulls at 1100 C
Pore Volume Intruded (ml/g)
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
Th
er
m
al
 C
on
du
ct
iv
ity
 (W
/m
 K
)
0.30
0.35
0.40
0.45
0.50
0.55
0.60
1-10 micron pores 
	   94	  
	  
Figures 4.30- <1µm Peanut Hull Pore Volume at 1100°C 
The lack of correlation between the 1-10µm and <1µm pore volume and thermal 
conductivity suggested that the main factor related to the decreased thermal conductivity 
was the quantity of pores >10µm.  The peanut hulls with a particle size of -24/+50 mesh 
had a greater pore volume of >10µm pores, therefore confirming the results that the -
24/+50 mesh peanut hulls had the greatest decrease on thermal conductivity with 
increased weight percent addition.  Again this conclusion is based on the two particle 
ranges of peanut hulls and their effect on thermal conductivity.  Factors such as 
mineralogical composition, bulk density, and pore size distribution are only a few factors 
that could also affect thermal conductivity. 
The addition of the 10-150µm and 10-300µm ceramic hollow spheres resulted in a 
decrease in bulk density without any effect on the thermal conductivity.  Figures 4.31-
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4.35 below showed the lack of correlation between any of the pore sizes of <1µm, 1-
10µm, >10µm when compared to the thermal conductivity.  The non-existent trends for 
each pore size category suggested that no one specific pore size contributed to an effect 
on thermal conductivity of the sample, which suggested confirmation of the results in 
Figure 4.26.  This suggested that the formation of closed porosity within the sample 
matrix from the hollow spheres might have conducted thermal energy through the 
sample, possibly along the exterior ceramic shell. 
	  
Figure 4.31- >10µm Hollow Sphere Pore Volume at 1100°C 
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Figure 4.32- >10µm Hollow Sphere Pore Volume at 1050°C 
	  
Figure 4.33- 1-10µm Hollow Sphere Pore Volume at 1100°C 
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Figure 4.34- <1µm Hollow Sphere Pore Volume at 1100°C 
 
Figure 4.35- <1µm Hollow Sphere Pore Volume at 1050°C 
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The addition of the aluminum hydroxide in varying weight percent, as seen in 
Figure 4.36, suggested that as the pore volume of 1-10µm pores increased, the thermal 
conductivity decreased.  The same trend can be seen with the pore volume <1µm.  Figure 
4.37 showed that as the pore volume of <1µm pores increased, the thermal conductivity 
decreased in a linear fashion.  When the >10µm pore volume was plotted against thermal 
conductivity, there appeared to be no correlation in terms of the overall thermal 
conductivity.  The trends produced in regards of the 1-10µm and <1µm pores suggest that 
both contribute to the overall decrease in thermal conductivity as weight percent addition 
increased. 
	  
Figure 4.36- 1-10µm Pore Volume of Aluminum Hydroxide 
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Figure 4.37- <1µm Pore Volume of Aluminum Hydroxide 
 
Looking back at the intrusion volume of pores for each addition level of 
aluminum hydroxide in Table 4.7, the volume intruded for the 1-10µm and <1µm 
increased with increasing addition rate.  This suggests that with increasing addition 
levels, a greater amount of porosity was formed in both of these ranges of pore sizes, 
which led to lower conductivity values.  The overall effect of porosity from the aluminum 
hydroxide can be seen in Figure 4.38. 
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Figure 4.38- Porosity of Aluminum Hydroxide with Varying Temperatures 
 
The porosities associated with the two firing temperatures suggested that a lower 
firing temperature resulted in a higher range of total porosity.  Overall, the thermal 
conductivity values recorded using the heat flow meter for each of the pore-forming 
agent samples were consistent with various thermal conductivity values for commercial 
brick in industry as seen in Table 2.2 in the literature review. 
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Flexural Strength 
After determining the effect of porosity and pore size on the thermal conductivity 
of each pore-forming agent, the effect on flexural strength needed to be determined.  
Flexural strength (modulus of rupture) values were taken on the extruded bars instead of 
compressive strength due to convenience.  The sole purpose of the values recorded was to 
allow for a comparison between each pore-forming agent as well as values seen in 
literature.  The hope was that a respectable MOR value would correspond to respectable 
compressive strength values. 
Figures 4.39 and 4.40 showed the effect the addition levels and porosity of 
varying size fractions of peanut hulls had on the modulus of rupture, or MOR.  The first 
thing to notice is that the modulus of rupture decreased linearly with weight percent 
addition of peanut hulls sizes.  For the -50/+100 mesh peanut hulls, the results suggested 
that as the firing temperature increases for a certain addition level, a higher modulus of 
rupture value was obtained.  In relation to the difference in particle sizes of peanut hulls, 
the smaller size (-50/+100 mesh) appeared to produce the higher MOR value at either 
firing temperature (1050°C or 1100°C).  This is consistent with work in literature from 
Jung-Hye EOM showing that smaller pores, comparatively, produced a higher flexural 
strength than larger pore diameters. 
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Figure 4.39- Modulus of Rupture with Varying Peanut Hull Size 
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Figure 4.40- Modulus of Rupture of Peanut Hulls at Varying Firing Temperatures 
 
 If we go a little more in depth within the porosity of the samples with peanut hull 
additions, we can get an idea of the range of pores that contribute to the loss of flexural 
strength.  The same pore size ranges used to relate to thermal conductivity will be used 
again to relate to the modulus of rupture.  Figure 4.41 below showed the relation of the 
volume of greater than 10µm to the modulus of rupture.  As the results seemed to 
indicate, there seemed to be a slightly linear relationship between the volume of >10µm 
pores and the modulus of rupture.  As the volume intruded of >10µm pores increased, the 
modulus of rupture decreased in a fairly linear fashion.  The effect of the pore volume of 
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<1µm and 1-10µm pores was plotted as a function of the modulus of rupture as well, 
however, there seemed to be no correlation.  
 
Figure 4.41- Effect of >10µm Pore Volume of Peanut Hull Additions on Modulus of 
Rupture 
 
The addition of the hollow spheres, relatively speaking, resulted in lowered loss 
of flexural strength compared to the peanut hulls; suggesting that the closed porosity 
formed by the spheres did not comprise the flexural strength all that much.  Figures 4.42 
and 4.43 showed that an increase in firing temperature resulted in a higher strength, 
which coincided with an increased bulk density as well.  Comparing the two firing 
temperatures reveal that a higher open porosity was achieved at 1050°C, which resulted 
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in a lower modulus of rupture.  On the other hand, firing at 1100°C produced samples 
with lower open porosity and a higher modulus of rupture.  This was due to an increased 
bulk density, which was achieved at a higher temperature through increased vitrification.  
This increase in vitrification resulted in an increased amount of glassy liquid, which filled 
in any open porosity. 
	  
	  
Figure 4.42- Modulus of Rupture with Addition of Hollow Spheres 
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Figure 4.43- Modulus of Rupture of Ceramic Spheres at Varying Firing Temperatures 
 
 Figures 4.44 and 4.45 below showed the effect of the 1-10µm and <1µm pores of 
the ceramic sphere samples on the modulus of rupture.  As seen in Figure 4.44, the range 
of pore volume produced in the ceramic hollow sphere samples at both temperatures 
seemed to be fairly small (~0.4 ml/g).  The results from the sphere additions seemed to 
indicate that a lower firing temperature produced a larger volume of 1-10µm pores, which 
in turn seemed to have a more dramatic decrease in the modulus of rupture.  Figure 4.45 
below showed the effect of <1µm pore volume of sphere additions on the strength.  
Similar to that for the 1-10µm pores of spheres, a lower firing temperature seemed to 
result in a lower modulus of rupture.  An interesting observation for the <1µm pore 
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volume of spheres seemed to suggest that a similar volume intrusion range was obtained 
for each firing temperature.  The results for the pore volume of >10µm pores seemed to 
indicate there was little correlation towards the strength of the samples with hollow 
sphere additions. 
 
Figure 4.44- Effect of 1-10µm Pore Volume of Spheres on Modulus of Rupture 
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Figure 4.45- Effect of <1µm Pore Volume of Spheres on Modulus of Rupture 
 
The effect of the addition rate of aluminum hydroxide on flexural strength can be 
seen in Figures 4.46 and 4.47.  As seen with other pore-forming agents, an increased 
porosity due to additional weight percent resulted in a lower modulus of rupture.  The 
results also showed that at a firing temperature of 1100°C produced a higher MOR than a 
firing temperature of 1050°C. 
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Figure 4.46- Modulus of Rupture with Al(OH)3 Additions 
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Figure 4.47- Modulus of Rupture of Aluminum Hydroxide at Varying Firing 
Temperatures 
 
 A more in depth look at the porosity seemed to suggest that there was a 
relationship between the 1-10µm and <1µm pores resulting from the aluminum hydroxide 
additions and modulus of rupture.  Figures 4.48 and 4.49 showed the relationship for each 
pore size range.  Figure 4.48 seemed to suggest that as the pore volume of 1-10µm pores 
increased, the modulus of rupture decreased in a linear fashion.  Likewise, Figure 4.49 
seemed to indicate the same trend for the pore volume of <1µm pores of aluminum 
hydroxide additions.  Pore volumes of 1-10µm and <1µm seemed to be one possible 
explanation towards the size of pores that contributed mostly to the loss in strength of the 
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samples.  The results for the >10µm pores of the aluminum hydroxide additions seemed 
to suggest little to no correlation towards the decrease in strength with increased pore 
volume. 
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Figure 4.48- Effect of 1-10µm Pore Volume of Al(OH)3 Additions on MOR 
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Figure 4.49- Effect of <1µm Pore Volume of Al(OH)3 Additions on MOR 
 
 Finally, an overall comparison of all of the pore-forming agents on the flexural 
strength could be determined.  Figure 4.50 below showed the modulus of rupture for 
samples fired at 1100°C.  The results seemed to indicate that each of the varying fraction 
sizes of peanut hulls proved to decrease the strength the most with increased addition 
level.  This decrease appeared to be a linear relationship with increased addition level.  
The results were consistent with what was expected because the peanut hull samples 
produced the largest pore sizes and porosity values.  These factors helped contribute to 
the largest decrease in strength. 
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 The aluminum hydroxide additions proved to decrease the flexural strength with 
increased addition level as well as in a linear fashion.  The aluminum hydroxides 
produced samples with smaller pore sizes (consistent with absorption data and 
porosimetry) and slightly lower overall porosity as compared to the peanut hull additions.  
This resulted in the aluminum hydroxide samples retaining more strength than the peanut 
hull addition samples. 
 The ceramic hollow spheres produced flexural values that appeared to fluctuate in 
a non-linear fashion.  The results indicated that comparatively, the 10-150µm spheres 
retained more strength than the 10-300µm ranges of spheres.  These results were 
consistent with work studied on the effect of template size on flexural strength.  The 10-
150µm spheres seemed to leave residual closed pores with a smaller critical flaw angle 
than the 10-300µm ranges.  The increased addition of the 10-150µm spheres virtually 
seemed to have any negative effect on the overall modulus of rupture. 
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Figure 4.50- Modulus of Rupture for All Pore-Forming Agents at 1100°C 
 
 In order to compare the results determined in this study to those seen in industry, 
the modulus of rupture for each sample of pore-forming agents had to be converted to 
units of mega Pascal (MPa).  The units for modulus of rupture for common clay bricks, as 
seen in literature, were typically found in mega Pascal.  Table 4.8 below showed the 
average value and standard deviation for each of the samples at a firing temperature of 
1050°C and 1100°C. 
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Table 4.8- Modulus of Rupture Values for Pore-Forming Agents 
 Modulus of Rupture (MOR) 
 1050°C 1100°C 
Sample lbf/in^2 St. 
Dev 
MPa St. 
Dev 
lbf/in^2 St. 
Dev 
MPa St. 
Dev 
Reference 1432.67 88.58 9.88 0.61 1788.28 214.73 12.33 1.48 
5wt.% (-24/+50 
M Pnut Hulls) 
995.26 221.98 6.86 1.53 939.00 62.03 6.47 0.43 
10wt.% (-24/+50 
M Pnut Hulls) 
1105.56 37.98 7.62 0.26 973.41 27.64 6.71 0.19 
15wt.% (-24/+50 
M Pnut Hulls) 
636.77 93.84 4.39 0.65 691.17 126.26 4.77 0.87 
         
5wt.% (-50/+100 
M Pnut Hulls) 
1194.83 191.77 8.24 1.32 1304.92 139.89 9.00 0.96 
10wt.% (-50/+100 
M Pnut Hulls) 
1065.20 130.28 7.34 0.90 1133.59 42.43 7.82 0.29 
15wt.% (-50/+100 
M Pnut Hulls) 
566.61 75.70 3.91 0.52 856.55 44.88 5.91 0.31 
         
5wt.% (10-
150µm Spheres) 
1308.40 113.83 9.02 0.78 1979.82 73.17 13.65 0.50 
10wt.% (10-
150µm Spheres) 
1198.41 129.09 8.26 0.89 1793.80 59.04 12.37 0.41 
15wt.% (10-
150µm Spheres) 
1186.12 111.50 8.18 0.77 1894.09 113.68 13.06 0.78 
         
5wt.% (10-
300µm Spheres) 
1372.23 120.62 9.46 0.83 1273.49 97.94 8.78 0.68 
10wt.% (10-
300µm Spheres) 
1291.53 93.36 8.91 0.64 1376.32 97.60 9.49 0.67 
15wt.% (10-
300µm Spheres) 
1481.11 57.19 10.21 0.39 1607.24 146.98 11.08 1.01 
         
Aluminum 
Hydroxide 
5wt.% 
1532.64 46.91 10.57 0.32 1692.27 69.25 11.67 0.48 
Aluminum 
Hydroxide 
10wt.% 
1392.07 113.73 9.60 0.78 1485.74 106.50 10.24 0.73 
Aluminum 
Hydroxide 
20wt.% 
1087.67 115.56 7.50 0.80 1290.93 141.04 8.90 0.97 
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 As seen earlier in this study, as the firing temperature increased for each of the 
samples, so did the bulk density.  This was a direct result from an increased shrinkage 
and vitrification within the sample matrix.  This increase in bulk density also 
corresponded to an increase of moduli of rupture for each respective pore-forming agent 
addition going from 1050°C to 1100°C.  An example from the table showed that for the -
50/+100 M peanut hulls at a 22vol.% (15wt.%) addition level, the modulus of rupture for 
1050°C and 1100°C were 3.91 and 5.91 MPa, respectively. 
 The template size could also be compared for the pore-forming agents that had 
addition rates similar in volume %.  For each size fraction of peanut hulls, the volume % 
addition rate was around 8,16, and 23%.  The results for a specific firing temperature 
seemed to suggest indeed that a smaller template size retains more strength than a larger 
template size.  At 8vol% for the -24/+50 M and -50/+100 M peanut hulls, the modulus of 
rupture at 1100°C was 6.47±0.43 and 9.00±0.96 MPa, respectively.  The vol% additions 
of the aluminum hydroxide were similar to the peanut hulls as well, allowing for a 
comparison.  As expected,  ~8vol% addition level of aluminum hydroxide at 1100°C 
resulted in a modulus of rupture of 11.67±0.48 MPa.  This again confirmed results in 
literature that small pores retain more strength than large pores.  The median pore 
diameter produced from the aluminum hydroxide was slightly smaller than the median 
pore diameter produced from the peanut hulls. 
 In order to determine if these experimental values were similar to values found in 
the industry of clay bricks, the data must be compared to Table 2.3 in the literature 
survey.  According to literature values, modulus of rupture values for commercial clay 
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bricks typically range anywhere from 3.5-26.2 MPa.  Other value ranges from literature 
seem to fall in this range, and in some cases slightly lower than 3.5 MPa.  From the 
values seen in literature and the values obtained experimentally, it appeared that in terms 
of modulus of rupture the experimental samples were consistent with typical MOR 
values. 
Optical Microscopy 
 For qualitative purposes, samples of 10wt.% addition levels for each pore-forming 
agents were observed using optical and scanning electron microscopy.  The optical 
microscope was an Axiovert 25 CA Inverted Reflected Light Microscope, produced by 
Zeiss.  The purpose was to observe the shape of the residual pores formed and compare 
the sizes between similar pore-forming agents. 
 Optical microscopy was performed on the each of the sizes of the peanut hulls and 
reference at 1100°C, as seen in Figures 4.51-4.53.  Images reported were taken to 
illustrate a comparison of the size of residual pores.  The scale present in each image was 
500µm and was consistent for all pore-forming agents.  As seen in Figure 4.52, the -
24/+50 peanut hulls left large, oval shaped pores within the matrix.  In comparison in 
Figure 4.53, the -50/+100 peanut hulls produced smaller, oval shaped pores.  The images 
further supported the mercury intrusion data that the larger peanut hulls sizes produced a 
larger median pore diameter. 
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Figure 4.51- Optical Microscopy of Reference Sample 
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Figure 4.52- Optical Microscopy of -24/+50 M Peanut Hulls 
 
Figure 4.53- Optical Microscopy of -50/+100 M Peanut Hulls 
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 Optical microscopy was also performed on the 10wt.% addition level of 10-
150µm ceramic hollow spheres and aluminum hydroxide fired at 1100°C.  Figure 4.54 
below showed the images taken from the hollow sphere additions.  The pictures seemed 
to suggest that the residual pores were consistent with the spherical shape of the hollow 
spheres. 
 
Figure 4.54- Optical Microscopy of 10-150µm Hollow Spheres 
 
 Figure 4.55 seemed to suggest the distribution of pores left from the 
decomposition of the aluminum hydroxide.  In comparison to the other pore-forming 
agents, the aluminum hydroxide proved to form the smallest median pore diameter as 
seen by mercury intrusion porosimetry, which was also evident by optical microscopy.  
The residual pores appeared to be very fine and irregular in shape. 
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Figure 4.55- Optical Microscopy of Aluminum Hydroxide 
 
Scanning Electron Microscopy 
 Along with the optical microscopy, scanning electron microscopy (SEM) was 
performed on the samples containing the KLS-300 (10-300µm) ceramic spheres at a 
10wt.% addition level.  The purpose was to see the placement and interaction of the 
spheres with the matrix and to help as an explanation to why these samples hardly 
contributed to any decrease in thermal conductivity.  If the spheres collapsed during 
firing or melted, then there would not be any positive effect. 
 Figures 4.56 below showed a reference clay body with 0wt.% additions fired to 
1100°C.  The varying pore morphology was observed and helped reinforce the data that 
resulted from mercury intrusion porosimetry.  As the image seemed to indicate, the pores 
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formed were elongated and irregular in shape.  Figure 4.57 seemed to provide a 
magnified image of the same location at 1000x. 
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Figure 4.56- SEM of Reference at 1100°C at 100x Magnification 
 
Figure 4.57- SEM of Reference at 1100°C at 1000x Magnification 
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 In comparison to the reference sample, Figure 4.58 seemed to suggest the effect 
of the hollow spheres on the microstructure.  As the image seemed to indicate, there were 
spherical pores within the matrix as well as a distribution of the hollow spheres 
throughout.  It seemed fairly clear that the hollow ceramic spheres maintained their shape 
upon firing and remained intact.  Looking at a higher magnification of 1000x, one can see 
a few spheres embedded in the matrix in Figure 4.59. 
 
Figure 4.58- SEM of Hollow Spheres Sample at 1100°C at 100x Magnification 
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Figure 4.59- SEM of Hollow Spheres Sample at 1100°C at 1000x Magnification 
 
 After looking at images of the spheres within the matrix of the clay body, the 
spheres proved to maintain their shape and appeared to be evenly distributed throughout 
the matrix.  A possible explanation for the negligible effect of the spheres in reducing the 
thermal conductivity could stem from the conduction of thermal energy across the 
ceramic shell.  Because the spheres were on the order of microns and the weight percent 
addition used were very small, conduction of energy throughout the matrix could have 
proceeded with little interference.  In order to observe if the spheres were completely 
ineffective, greater additions of spheres must be used and tested. 
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CHAPTER V 
CONCLUSION 
 Incorporating varying pore-forming agents, whether organic waste (peanut hulls) 
or commercially manufactured (ceramic hollow spheres and aluminum hydroxide), into 
clay brick systems was achieved.  Each of the pore-forming agents proved to leave a 
specific desired pore size distribution within the sample.  These pore size distributions 
were successfully characterized using mercury intrusion porosimetry to determine the 
total intruded volume for pore sizes in the range of >10µm, 1-10µm, and <1µm.  The 
peanut hull addition results seemed to indicate the majority of pore volume in the -24/+50 
M samples was >10µm while the majority of the -50/+100 M samples was in the range of 
1-10µm.  The two types of ceramic hollow spheres (10-150µm/10-300µm) resulted in the 
formation of closed porosity in the matrix; however, the majority of open porosity present 
seemed to be within the range of 1-10µm.  At 1100°C, the aluminum hydroxide addition 
samples seemed to produce the finest median pore diameter at 1.7777µm 
(20wt.%/22vol.%) and seemed to contain a majority of fine pores in the range of 1-10µm. 
 The thermal conductivity and modulus of rupture for each of the pore sizes was 
determined.  The modulus of rupture for all pore-forming agents measured seemed to 
meet requirements for physical properties of commercial bricks.  Both of the sizes of 
peanut hulls (-24/+50 M & -50/+100 M) resulted in samples with lowered thermal 
conductivity and modulus of rupture.  The volume of pores mostly responsible for the 
decrease in thermal conductivity and MOR seemed to be the >10µm pores.  The addition 
of both types of ceramic hollow spheres never really contributed heavily to a decrease in 
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thermal conductivity, suggesting that heat transfer was unaffected.  However, the ceramic 
hollow spheres seemed to retain modulus of rupture the best out of all the pore-forming 
agents.  Finally, the aluminum hydroxide additions seemed to contribute to the decrease 
in both the thermal conductivity and modulus of rupture.  The pore volume that seemed 
to suggest this decrease was the 1-10µm and <1µm pores. 
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APPENDIX A 
THERMAL RAW DATA 
Table A.1- Thermal Conductivity Data for 1100°C 
  
Thermal Conductivity 
(W/m K) 
Reference 1 0.55453 
 
2 0.55038 
 
3 0.54992 
 
Avg 0.55161 
 
STD 0.00254 
   A1 5% -24/+50 M 1 0.47222 
 
2 0.48580 
 
3 0.48536 
 
Avg 0.48113 
 
STD 0.00772 
   A2 10% 1 0.46163 
 
2 0.48216 
 
3 0.48101 
 
Avg 0.47493 
 
STD 0.01154 
   A3 15% 1 0.38976 
 
2 0.39669 
 
3 0.40987 
 
Avg 0.39877 
 
STD 0.01022 
   B1 5% -50/+100 
M 1 0.53156 
 
2 0.53016 
 
3 0.51658 
 
Avg 0.52610 
 
STD 0.00827 
   B2 10% 1 0.49858 
 
2 0.49939 
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3 0.47746 
 
Avg 0.49181 
 
STD 0.01243 
   B3 15% 1 0.43391 
 
2 0.41756 
 
3 0.41342 
 
Avg 0.42163 
 
STD 0.01083 
   SA1 5% 10-
150µm Spheres 1 0.54381 
 
2 0.55102 
 
3 0.54589 
 
Avg 0.54691 
 
STD 0.00371 
   SA2 10% 1 0.53933 
 
2 0.54733 
 
3 0.54707 
 
Avg 0.54458 
 
STD 0.00455 
   SA3 15% 1 0.53233 
 
2 0.52986 
 
3 0.52877 
 
Avg 0.53032 
 
STD 0.00182 
   SC1 5% 10-150µm 
Spheres 1 0.53093 
 
2 0.53916 
 
3 0.54101 
 
Avg 0.53703 
 
STD 0.00536 
   SC2 10% 1 0.55286 
 
2 0.54378 
 
3 0.54047 
 
Avg 0.54570 
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STD 0.00641 
   SC3 15% 1 0.53739 
 
2 0.55034 
 
3 0.54859 
 
Avg 0.54544 
 
STD 0.00702 
   Al(OH)3 5% 1 0.50166 
 
2 0.50558 
 
3 0.50566 
 
Avg 0.50430 
 
STD 0.00229 
   Al(OH)3 10% 1 0.49383 
 
2 0.49375 
 
3 0.49372 
 
Avg 0.49377 
 
STD 0.00005 
   Al(OH)3 20% 1 0.45709 
 
2 0.45687 
 
3 0.45589 
 
Avg 0.45662 
 
STD 0.00064 
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Table A.2- Thermal Conductivity Data for 1050°C 
  
Thermal Conductivity 
(W/m K) 
Reference 1 0.50158 
 
2 0.49868 
 
3 0.49906 
 
Avg 0.49977 
 
STD 0.00157 
   A1 1 0.45219 
 
2 0.45286 
 
3 0.45290 
 
Avg 0.45265 
 
STD 0.00040 
   A2 1 0.43853 
 
2 0.43928 
 
3 0.43990 
 
Avg 0.43924 
 
STD 0.00069 
   A3 1 0.34940 
 
2 0.34904 
 
3 0.34864 
 
Avg 0.34903 
 
STD 0.00038 
   B1 1 0.48139 
 
2 0.48094 
 
3 0.48091 
 
Avg 0.48108 
 
STD 0.00027 
   B2 1 0.48393 
 
2 0.48085 
 
3 0.47938 
 
Avg 0.48138 
 
STD 0.00232 
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B3 1 0.37355 
 
2 0.37287 
 
3 0.37265 
 
Avg 0.37302 
 
STD 0.00047 
   SA1 1 0.46852 
 
2 0.46848 
 
3 0.46866 
 
Avg 0.46856 
 
STD 0.00010 
   SA2 1 0.48495 
 
2 0.48436 
 
3 0.48406 
 
Avg 0.48446 
 
STD 0.00045 
   SA3 1 0.51276 
 
2 0.51468 
 
3 0.51666 
 
Avg 0.51470 
 
STD 0.00195 
   SC1 1 0.51998 
 
2 0.51827 
 
3 0.51780 
 
Avg 0.51868 
 
STD 0.00115 
   SC2 1 0.52826 
 
2 0.52777 
 
3 0.52737 
 
Avg 0.52780 
 
STD 0.00044 
   SC3 1 0.52691 
 
2 0.52652 
 
3 0.52591 
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Avg 0.52644 
 
STD 0.00050 
   AH1 1 0.49531 
 
2 0.49576 
 
3 0.49574 
 
Avg 0.49561 
 
STD 0.00026 
   AH2 1 0.46579 
 
2 0.46526 
 
3 0.46559 
 
Avg 0.46555 
 
STD 0.00027 
   AH3 1 0.42919 
 
2 0.42714 
 
3 0.42768 
 
Avg 0.42800 
 
STD 0.00106 
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